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Nonviral tumor targeting vector for siRNA transfer is of importance. Here, a novel delivery system 

consisted of covalent conjugate NDCO-RGDS and VEGF-siRNA, NDCO-RGDS/VEGF-siRNA, was 

presented. In vitro NDCO-RGDS/VEGF-siRNA released and transferred VEGF-siRNA in a long-

acting manner. Comparing to control, NDCO-RGDS/VEGF-siRNA decreased the expression of 

VEGF mRNA and protein of HeLa cells by 88.41±3.49% and 83.94±2.00%, respectively. In vivo 

NDCO-RGDS/VEGF-siRNA exhibited gene silencing and slowed tumor growth. FT-MS spectrum 

analysis revealed that NDCO-RGDS/VEGF-siRNA mainly distributed in tumor tissue of the treated 

S180 mice. Therefore NDCO-RGDS could be considered a promising nonviral tumor-targeting vector 

for siRNA transfer in tumor therapy. 

Introduction 

RNA interference (RNAi) is a post-transcriptional gene 

silencing phenomenon initiated by siRNA, and attracts more 

and more attention for the treatment of many genetic diseases 

in recent years.1 siRNA is a 21-23 nt nucleotide double-

stranded RNA molecule, participates into the RNA-induced 

silencing complex and induces the degradation of target 

mRNA.2 siRNA rapidly becomes an useful tool to target 

several pathological conditions including cancer, autoimmune, 

infection and neuronal disease.3-5 However, cell membrane 

prevents the crossing of the naked siRNA due to its negative-

charge, water-solubility and high molecular weight.6,7 

Efficient carrier system is required to overcome these issues.  

Recently, more nanomaterials and nanotechnology have been 

developed for gene and protein therapy. The success of gene 

therapy strongly depends on gene delivery carrier system, 

which has the characteristics of lower toxicity, sustained, 

higher efficiency of transfection and higher efficiency of gene 

expression.3,7 Among various nanomaterials, carbon-based 
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nanomaterials, such as nanotubes, nanowire, graphene and 

nanodiamond (ND), attract much attention due to their 

remarkable physical, chemical and biological properties.7,8 As 

a member of the carbon nanoparticles, ND has an increasing 

interest because of its biocompatibility and potential 

applications, and has been used to deliver drug, protein and 

gene.9,10 ND’s surface can be functionalized with carboxyl 

groups.The derivatives for specific or nonspecific binding 

nucleic acids and proteins can be applied in biomedicine.11 

Moreover, ND’s have high ratio of surface area to volume, 

significant loading capacity and big functionalized surface, 

thereby canconjugate and absorb a variety of small 

molecules.10-12 The delivery consisted of antitumor agents 

such as 10-hydroxy-camptothecinand ND, a non-covalently 

bound delivery carrier,13 and the delivery consisted of proteins 

such as bovine insulin and ND, a pH-dependent carrier,14 were 

reported. For delivering siRNA ND and hydroxylated ND 

have many advantages such as low toxicity, biodegradability 

and absorbability.12,13,15 Hydrogenated cationic ND was 

reported having high ability of loading and delivering siRNA 

into cells.16 The gene of green fluorescent protein was also 

transferred into the nuclei of HeLa cells by ND.17 RGDS can 

target tumor cell,18 and the ND absorbed RGDS (ND/RGDS) 

can efficiently deliver siRNA into HeLa cells and block the 

expression of VEGF in our previous work.19 However leaking 

RGDS from ND/RGDS remains to be solved. In this context 

here we report RGDS covalently functionalized ND (NDCO-

RGDS) as tumor targeting carrier of VEGF-siRNA. 
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Materials and Methods 

Materials 

ND with an average particle size less than 10 nm and Arg-

Gly-Asp-Ser (RGDS) were purchased from Sigma-Aldrich 

(USA). Anti-VEGF siRNA and fluorescein-labeled VEGF-

siRNA (FAM-VEGF-siRNA) were purchased from 

GenePharma Co., Ltd (Shanghai, China). Dulbecco’s modified 

Eagle medium (DMEM), fetal bovine serum (FBS) and 

trypsin were purchased from Hyclone Laboratories Inc (USA). 

Penicillin and streptomycin were purchased from Sigma 

Chemical Company (USA). Dimethyl sulfoxide (DMSO) was 

purchased from AppliChem GmbH Company (Germany). 3-

(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyltetrazoliumbromide 

(MTT, Sigma, USA) and acridine orange were purchased from 

Amresco company (USA). Protease inhibitor cocktail (1%, 

Cat No: 539134) was purchased fromMerck (USA). 

Primaryantibodies against VEGF were purchased from Santa 

Cruz (Santa Cruz Biotechnology, USA). BCA protein kit was 

purchased from Pierce (Rockford, USA). Anti-mouse and 

anti-rabbit secondary antibodies were purchased from 

Amersham Life Science(USA). Matrigel was purchased from 

BD Bio-sciences (USA). All reagents were chemical grade 

unless otherwise specified. 

Preparation of NDCO-RGDS/VEGF-siRNA 

RGDS covalently functionalized ND, NDCO-RGDS, and 

NDCO-RGDS/VEGF-siRNA were prepared by using the 5-

step procedure depicted in Scheme 1.  

Preparation of NDCO2H 

Following the procedure of the literature,the surface of ND 

was firstly functionalized with carboxyl group.17-20 Briefly, 0.5 

g of ND was oxidized in 10 mL mixture of concentrated 

H2SO4 and HClO3(v/v, 3/1) at 40°C for 24 h, the reaction 

mixture was centrifuged (Centrifuges 5810R, Eppendorf, 

Germany) at 5000 g for 5 min, the supernatant was moved, the 

precipitates were suspended in 20 mL aqueous solution of 

NaOH (0.1 M), the suspension was stirred at 90°C for 1 h, and 

centrifuged at 5000 g for 5 min. The precipitates were 

suspended in 20 mL of hydrochloric acid (0.1 M), stirred at 90 

°C for 1 h and washed with deionized water for 3 times. 

NDCO2H were collectedby centrifugation at 13000 g for 30 

min, rinsed with deionized water for 3 times until neutral pH 

was achieved, and then was lyophilized. 

Preparation of NDCOCl 

To promote the coupling of NDCO2H and RGDS, 59 mg of 

NDCO2H were converted into more reactive NDCOCl by 

using 10 mL of thionyl chloride.20-22 The mixture was 

ultrasonicated at a frequency of 25 kHz in a bath sonicator for 

1 h, filtrated for 0.5 hat room temperature, and dried overnight 

under high vacuum. 

Preparation of Arg(NO2)-Gly-Asp(OBzl)-Ser(Bzl)-OBzl 

A solution of 30 mg of Boc-Arg(NO2)-Gly-Asp(OBzl)-

Ser(Bzl)-OBzl in 6 mL of TFA was stirred at room 

temperature for 30 min. The reaction mixture was evaporated 

at room temperature to move excrescent TFA, the residue was 

suspended in 10 mL of anhydrous ether, centrifuged at 8000 g 

for 10 min, the collected precipitates were suspended in 10 

mL of anhydrous ether and centrifuged at 8000 g for 10 min to 

collect the precipitates of Arg(NO2)-Gly-Asp(OBzl)-Ser(Bzl)-

OBzl. 

Preparation of NDCO-Arg(NO2)-Gly-Asp(OBzl)-Ser(Bzl)-OBzl 

A solution of 15 mg of Arg(NO2)-Gly-Asp(OBzl)-Ser(Bzl)-

OBzl in 10 mL of DMF and 60 mg of NDCOCl were 

suspended in 5 mL of DMF. The suspension was stirred at 

75°C for 45 min, ultrasonicated for 72 h, and lyophilized to 

provide the title compound.  

Preparation of NDCO-RGDS 

The removal of OBzl and NO2 was achieved in 10 mL of 

ethanol by using Pd/C and hydrogen. After filtration, the 

powders were dried overnight under high vacuum to provide 

NDCO-RGDS.17,20 Weight loss method was used to calculate 

the amount of RGDS. Formula: W(RGDS)= W(NDCO-RGDS) – 

W(NDCOOH)-W(H2O). It was found that 9.57 µg of RGDS was 

linked to 1 mg of ND. 

 

Scheme 1 Synthetic route to preparing NDCO-RGDS/VEGF-siRNA. 

siRNA and VEGF-siRNA 

A scramble sequence siRNA served as control. The VEGF-

siRNA sequences of sense and anti-sense were5’-

GGAGUACCCUG-AUGAGAUCdTdT-3’ and 5’-

GAUCUCAUCAG-GGUACUCCdTdT-3’, respectively.  

Preparation of NDCO-RGDS/VEGF-siRNA 
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The nanoparticle was induced by adding NDCO-RGDS to 

VEGF-siRNA solution with a gentle shaking and incubated 30 

min at room temperature. All nanoparticles were induced in 

DEPC water and freshly prepared before use. 

Characteristics of NDCO-RGDS/VEGF-siRNA 

The sizes and ζ-potentials of NDCO-RGDS/VEGF-siRNA 

were measured by a Zetasizer Nano ZS (Malvern Instruments 

Ltd., Malvern, UK) at room temperature. From 200 µg of 

NDCO-RGDS/VEGF-siRNA the concentration of VEGF-

siRNA was found to be 100 nM. The samples were measured 

in triplicate. 

The nano-image of NDCO-RGDS/VEGF-siRNA(VEGF-

siRNA, 100 nM) was observed on Scanning Electron 

Microscope (SEM, HITACHI S-4800, Japan). 

Shape examinations of NDCO-RGDS were performed with 

transmission electron microscopy (TEM) (JSM-6360 LV, 

JEOL, Tokyo, Japan). An aqueous solution of nanoparticle 

was dripped onto a copper grid, and then a drop of a hydrous 

ethanol was added to promote water removal. The grid was 

first allowed to dry thoroughly in air and it was then heated at 

35°C for 24 hours. The TEM was operated at 80 kV of the 

electron beam accelerating voltage. Images were recorded on 

an imaging plate (Gatan Bioscan Camera model 1792) at 

6000-400000 × and were digitally enlarged. 

Atomic force microscopy (AFM) images were obtained using 

the contact mode on Nanoscope 3D AFM (Veeco Instruments, 

Inc., Plainview, NY, USA) under ambient conditions. Samples 

in mouse plasma (10-6 M at pH 7.0) were used for recording 

the images. 

The nano-property and opalescent light of NDCO-RGDS in 

aqueous solution was visualized with laser (650 nm), which 

induced Faraday-Tyndall effect. 25 µg/mL and 50 µg/mL of 

NDCO-RGDS in ultrapure water were irradiated with laser 

beam of 650 nm, respectively, as well aslaser beam induces no 

Faraday-Tyndall effect in ultrapure water irradiated with laser 

beam of 650 nm. 

The IR spectra of ND, NDCO-RGDS and NDCO-RGDS/ 

VEGF-siRNA were observed by FTIR spectra (IR Prestige-21, 

Japan). 

Cell culture 

HeLa cells were cultured to 70-80% confluence in DMEM 

medium containing 10% fetal bovine serum, L-glutamine (2 

mM), penicillin (100 U/mL) and streptomycin (100µg/mL). 

Cells were cultured in an incubator at 37 °C in 5% CO2 

atmosphere. The cells were seeded into 24-well plates at a 

density of 1 × 105 cells/well containing the culture medium 

and incubated prior to transfection experiments. 

 

Calorimetric analysis of NDCO-RGDS absorbing VEGF-siRNA 

Calorimetric analysis was carried out using differential 

scanning calorimetry (DSC, Netzsch, Germany) in a nitrogen 

atmosphere to determine the absorption of VEGF-siRNA onto 

NDCO-RGDS. In brief 400 µg of NDCO-RGDS/VEGF-

siRNA (final concentrations of siRNA: 0, 20, 40, 60, 80 and 

100 nM) were placed in a pierced aluminum pan, heated from 

20°C to 200°C at a rate of 20°C/min (heating scan), kept at 

200°C for 1 min to eliminate thermal history, and then cooled 

to 20°C at a rate of -40°C/min (cooling scan). The DSC curves 

were recorded by triplicates.  

In vitro release of VEGF-siRNA from NDCO-RGDS/VEGF-siRNA 

Dilutions of 2.0 mg of NDCO-RGDS/VEGF-siRNA (759 ± 82 

ng/mg, 1167 ± 36 ng/mg, 1928 ± 116 ng/mg) in DEPC were 

suspended in 0.5 mL of TE buffer [Tris-HCl (10 mM) and 

EDTA (1 mM), pH 8.0] in RNase-free tubes and shaken in a 

water bath at 37°C. The supernatant was periodically collected 

at the given time points, and centrifuged (15000 g for 15 min). 

The released VEGF-siRNA was measured using a Victor X5 

(PE, USA) plate reader at an excitation wavelength of 492 nm 

and emission wavelength of 520 nm. The percentage of 

cumulatively released VEGF-siRNA was calculated based on 

the standard curve of VEGF-siRNA. All experiments were 

repeated for five times. 

Real-Time PCR 

The transfection of VEGF mRNA towards HeLa cells was 

analyzed by RT-PCR.23 HeLa cells were transfected by 

NDCO-RGDS/VEGF-siRNA (final concentration of siRNA, 

100 nM) for 48 h and then harvested. VEGF mRNA in the 

transfected cells was compared with that in vehicle, NC, 100 

nM naked VEGF-siRNA, NC/LipoTM2000, NC/NDCO-RGDS 

and VEGF-siRNA/ LipoTM2000. The total RNA was isolated 

using Trizol reagent (Invitrogen, USA), and RT-PCR was 

performed according to standard instructions (Real-time PCR 

System, model 7500, Applied Biosystems, Carlsbad, CA, 

USA). The cycling procedure consisted of an initial 

denaturation step for 10 min at 95°C followed by 40 cycles of 

denaturation at 95°C for 15 s, and annealing at 60°C for 1 

min. Each sample was also subjected to melting curve analysis 

to confirm amplification specificity. Samples were run in 

triplicate, and each experiment included two non-template 

control wells. Samples were normalized to glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), and expressed as relative 

expression using the delta-delta Ct method. Results are 

represented as average ± SD. The average threshold cycle (Ct) 

was automatically calculated using Applied Biosystems 

Sequence detection software (7500 Fast System SDS Software 

version 1.4). The primers to detect VEGF were as follows: 

Forward sequence: 5’-ATCGAGACCCTGGTGGACA-3’, 

reverse sequence: 5’-CCGCCTCGGCTTGTCACA-3’ and for 

GAPDH were: Forward sequence: 5’-

CAAATTCCATGGCACCGTCA-3’, reverse sequence: 5’-

GGAGTGGGTGTCGCTGTTGA-3’) and were synthesized 

and purified by GenePharma Co., Ltd (Shanghai, China). 

ELISA to detect VEGF in vitro 

The day before transfection, 5 × 10
4
/mL HeLa cells were 

seeded in 24-well plates. When the cells were 70-80% 

confluent, they were washed with PBS for three times, and 

then transfected with vehicle, NC,VEGF-siRNA, 
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NC/Lipo
TM

2000, NC/NDCO-RGDS, NDCO-RGDS/ 

VEGF-siRNA or VEGF-siRNA/Lipo
TM

2000 in Opti-MEM 

medium for 20 min. The cells were cultured at 37°C for 

another 48 h in a humidified 5% CO2 atmosphere. The 

supernatants were collected and the amount of VEGF was 

measured using a VEGF ELISA kit (R&D, USA) according to 

the instructions. The untransfected cells were treated by the 

same method as a control to provide a baseline level of VEGF. 

Plates were read at 450 nm using a Victor X5 (PE, USA) 

reader. All experiments were repeated six times.  

Cytotoxicity assay 

HeLa cells were used for cytotoxicity assay. The cells were 

seeded in 96-well plates at a density of 5 × 103 cells/well and 

incubated overnight at 37°C. The medium was replaced with 

vehicle, NC, VEGF-siRNA, NC/LipoTM2000, NC/NDCO-

RGDS, NDCO-RGDS/VEGF-siRNA or VEGF-siRNA/ 

LipoTM2000 and the cells were cultured for 72 h. MTT stock 

solution was prepared at a concentration of 2 mg/mL in cell 

medium and filter sterilized. Upon removal of the medium, 

MTT solution was added (50 µL/well) and incubated in the 

dark at 37°C for 4 h. The MTT solution was removed and the 

dye was dissolved in DMSO (50 µL/well) with agitation. The 

absorbance was measured at 570 nm and the IC50 was 

determined. All experiments were repeated five times.  

Confocal image of NDCO-RGDS/VEGF-siRNA treated HeLa cells 

Intracellular location of NDCO-RGDS/VEGF-siRNA was 

investigated by confocal laserscanning microscopy (LEICA 

TCS SP5, Germany). HeLa cells were cultured in 35 mm glass 

bottom culture dishes for 24 h. The media were replaced with 

1 mL of the media, VEGF-siRNA (100 nM) or NDCO-

RGDS/VEGF-siRNA (100 nM). After incubation at 37°C for 

6 h, the culture media wereremoved and the cells were rinsed 

with ice PBS for 3 times. The cells were fixed with 4% 

paraformaldehyde for 20 min, and DAPI (final working 

concentration 10 µg/mL) was added to stain the cell nuclei for 

10 min before the imaging. Intracellular location of VEGF-

siRNA was observed using a confocal microscope excited at 

358 nm and 461 nm, and emitted at 488 nm and 518 nm for 

DAPI and FAM, respectively. The images were analyzed 

using Leica CLSM software. 

In vivo NDCO-RGDS/VEGF-siRNA inhibiting tumor growth 

Male ICR mice (six-week-old, 18-22 g) were from Animal 

Department of Capital Medical University (Beijing Laboratory 

Animal Center, Beijing, China), and housed in an air-

conditioned room. All care and handling of animals were 

approved by Institutional Authority for Laboratory Animal 

Care of Capital Medical University. S180 cells were gained 

from Vital River Laboratory Animal Technology Co., Ltd. 

Beijing, China, and xenografted subcutaneously in male ICR 

mice. The mice were housed in sterile isolated cages at 

constant temperatures (22-25 °C) and free access to food and 

water. Tumor growth was monitored by measuring the tumors 

perpendicular diameter using a caliper. Tumor volume was 

calculated through the formula: volume (mm3)= 

length×width2/2.  

After seven days the average volume of tumors xenograft 

reached 70-80 mm3, the mice xenografted S180 tumors were 

randomly divided into three groups (n=10), intravenously 

injected with NDCO-RGDS/VEGF-siRNA nanoparticles at a 

siRNA dose of 0.3 mg/kg and a NDCO-RGDS dose of 0.2 

mg/kg in 0.2 mL volume at every other day for a total of 5 

times, while the mice intravenously injected with normal 

saline and naked VEGF-siRNA (0.3 mg/kg) were used as the 

controls. On the day after the last injection, the tumors were 

harvested from the tumor-bearing mice for the tumor growth 

suppression tests. The brain, liver, spleen, lung, heart, kidney 

and tumor were homogenized on the ice, and washed with 

distilled water for three times to extract RGDS. The samples 

were centrifuged, collected the supernatant, and lyophilized. 

The existence of RGDS was analysed with FT-MS spectra.  

 

 

Fig.1 FT-IR spectra of ND, NDCO2H and NDCO-RGDS. 
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Fig. 2 (A) SEM image of NDCO2H; (B) SEM image of NDCO-RGDS; (C) SEM image of NDCO-RGDS/VEGF-siRNA. 

Statistics 

All experiments were performed for at least three times. Data 

are represented as the average ±SD. Paired two-sample 

Student's t-test was used for statistical analysis. A p-value of 

<0.05 was considered statistically significant, and a p-value 

<0.01 was considered very significant. 

Results and discussion 

SEM, FT-IR, TEM, AFM, and Tyndall effect 

The FT-IR spectra of ND, NDCO2H and NDCO-RGDS are 

shown in Fig. 1. The FT-IR spectrum of NDCO2H shows a 

broad peak of CO2H groups at 3200-3500 cm-1. Comparing 

with the FT-IR spectrum of NDCO2H, the spectrum of 

NDCO-RGDS shows a broad peak of CO2H groups at 3200-

3500 cm-1, the peak of CH at ~2900 cm-1, the peak of the 

carbonyl groups of the amide at ~1690 cm-1, and the peak of 

C-N at ~1150 cm-1, suggesting RGDS was covalently coupled 

with the CO2H groups successfully. The covalent modification 

of NDCO2H with RGDS was evidenced by FT-IR spectra.20,21 

In contrast to NDCO2H, NDCO-RGDS gives additional peaks 

at 1690-1750 cm-1 and 1050-1150 cm-1, which are resulted 

from the covalently coupled RGDS. 

The nano-structures were characterized with SEM image. Fig. 

2 indicates that NDCO2H forms nano-particles of 44.1-86.3 

nm in diameter, while NDCO-RGDS and NDCO-RGDS/ 

VEGF-siRNA consistently form nano-particles of 44.1-127.3 

nm in diameter. Regarding the zeta potential, NDCO2H, 

NDCO-RGDS and NDCO-RGDS/VEGF-siRNA have the 

positive values of 13.4 ± 4.2 mV, 28.4 ±3.8 mV and 25.4 ± 6.4 

mV, respectively. The biocompatibility and the cellular uptake 

of the nano-particles depend on the surface characteristics, 

size, shape and aggregation.17,28,29 Two hours after the 

incubation the nano-particles with an average sizes of ~50 nm 

can be delivered into HeLa cells by clathrin-mediated 

endocytosis, and after modifications the size could be slightly 

increased.21,22 Four hours after the incubation the 

nanoparticles with an average size of 100 nm can be delivered 

into cancer and stem cells via macropinocytosis. NDCO-

RGDS/VEGF-siRNA forming the nanoparticles of 109-127 

nm in diameter suggests via macropinocytosis they can enter 

cancer cells. 

The nano-structures were also characterized with the TEM 

images. Fig. 3 indicates that in ultrapure water (pH 7.4) 25 

µg/mL and 50 µg/mL of NDCO-RGDS form the nano- 

particles of 29-89 nm and 39-85 nm in diameter, respectively, 

suggesting the concentration does not significantly affect the 

nano-size. 

 

Fig.3. Effects of 25 µg/mL and 50 µg/mL of NDCO-RGDS on TEM images. 

The nano-structures were further characterized with the AFM 

images. Fig. 4 indicates that in blood 25 µg/mL and 50 µg/mL of 

NDCO-RGDS forms the nanoparticles of ~90.022 nm and ~95.596 

nm in high, respectively, while mouse plasma alone gives no any 

comparable nanoparticles, suggesting that the nanoparticles of 

NDCO-RGDS can be stably delivered in blood circulation. 

 

Fig. 4. AFM images. A) AFM images of mouse plasma alone; B) AFM images 
of 25µg/mL and 50 µg/mL of NDCO-RGDS in mouse plasma. 

The nano-property of the solutions of ND, NDCO2H and NDCO-

RGDS in ultrapure water was identified with 650 nm laser beam 

induced Faraday-Tyndall effect and is shown in Fig. 5. In ultrapure 

water 650 nm laser beam induces 25 µg/mL and 50 µg/mL of them 

to occur Faraday-Tyndall effect (Fig. 5B - 5D).The nano-property 

of the solutions of ND, NDCO2H and NDCO-RGDS in ultrapure 

water was also characterized with the size distribution, which was 
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tested on a Malvern’s Zetasizer (Nano-ZS90; Malvern Instruments) 

with the DTS (Nano) Program. Fig. 5E-5G indicates that the size 

distributions are 84.1 nm, 85.6 nm and 89.5 nm, respectively. The 

nano-property of the solution of ND, NDCOOH and NDCO-RGDS 

in ultrapure water was further characterized with zeta-potential, 

which was tested on a Malvern’s Zetasizer (Nano-ZS90; Malvern 

Instruments) with the DTS (Nano) Program. Fig. 5H-5J indicates 

that the zeta-potentials are 29.6 mv, 29.9 mv and 34.1 mv, 

respectively. These data support the nano-properties mentioned 

above.  

 

Fig.5 Nano-properties of aqueous solution, ND, NDCOOH and NDCO-RGDS. 

NDCO-RGDS effectively carries VEGF-siRNA 

The loading of VEGF-siRNA on NDCO-RGDS was analyzed 

with DSC,24-27 and are shown in Fig.6 to describe the 

endothermic processes. ND and NDCO-RGDS show the 

endothermic peaks at ~150 °C and ~160 °C respectively. With 

the increase of the loading VEGF-siRNA the endothermic 

peak of NDCO-RGDS shifts from ~155 °C to ~145 °C. The 

effect of VEGF-siRNA concentration on the endothermic peak 

of ND and NDCO-RGDS suggests that VEGF-siRNA is 

effectively loaded onto NDCO-RGDS. 

The loading of VEGF-siRNA was evidenced by DSC 

thermograms. In contrast to NDCO-RGDS, with the increase 

of loading VEGF-siRNA the shift of the endothermic peak of 

NDCO-RGDS/VEGF-siRNA ranges from ~-5 °C to ~ -10 °C. 

VEGF-siRNA concentration dependently shifts the 

endothermic peak should be the result of NDCO-RGDS 

loading VEGF-siRNA and evidences the formation of NDCO-

RGDS/VEGF-siRNA. 

 

Fig.6 DSC thermograms of ND, NDCO-RGDS and NDCO-RGDS/VEGF-
siRNA in 20 µL solution (DMSO: DEPC = 1:9). The samples exhibited 
endothermic characteristics while the concentration of VEGF-siRNA loading to 
NDCO-RGDS was increasing. 

 

 

Release of RGDS and VEGF-siRNA 

In TE buffer at 37 °C the release of RGDS from ND/RGDS 

and NDCO-RGDS was measured by ionic strength of ESI-

MS. Fig. 7 shows that after aburstrelease of 8.08 ± 0.81% a 

constant release of ~10.5% of the totally conjugated RGDS is 

monitored within 250 h. Whereas, during 75 h the RGDS 

linked to ND/RGDS could be completely released. 

 

Fig.7 Release of RGDS from ND/RGDS (blue line) and NDCO-RGDS (red 
line). Data are presented as the average ± SD, (n = 3). 

In TE buffer at 37 °C the release of VEGF-siRNA from 

NDCO-RGDS/VEGF-siRNA was measured and is shown in 

Fig. 8. The cumulative release curves of VEGF-siRNA from 

NDCO-RGDS/VEGF-siRNA indicate that within 250 h 

VEGF-siRNA is gradually released. At 2 h, 2.49 ±2.06%, 6.23 

± 0.94% and 7.47 ±0.57% of VEGF-siRNA are released from 

759 ±82ng/mg, 1167 ± 36ng/mg and 1928 ±116 ng/mg of 

NDCO-RGDS/VEGF-siRNA, respectively. At 250 h, 39.66 ± 

2.54%, 42.22 ± 1.36% and 49.49 ± 2.75% of VEGF-siRNA 

are consumed, respectively. 

 

 

Fig.8 The releasing curves of VEGF-siRNA from NDCO-RGDS/VEGF-siRNA. 
Wherein the loading of VEGF-siRNA was 1928±116 ng/mg, 1167±36 ng/mg 
and 759±82 ng/mg. Data are presented as the average ± SD, (n = 5). 
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In contrast to our previous ND/RGDS,19 which can completely 

release RGDS within 50 h, within 240 h NDCO-RGDS can 

release only 10.52% RGDS. These results suggest that 

NDCO-RGDS, i.e. RGDS covalently modified NDCO2H, is 

stable enough as a long-circulation carrier of siRNA. The 

cumulative release curves of VEGF-siRNA from 3 kinds of 

NDCO-RGDS/VEGF-siRNA indicate that ~40% - ~50% of 

VEGF-siRNA can be gradually released within 250 h and 

show a slow release profile. Due to the siRNA of cytoplasm 

been easy degraded and devitalized by RNase,29,30 NDCO-

RGDS/VEGF-siRNA slowly release VEGF-siRNA should 

benefit the gene silent therapy. 

Internalization of NDCO-RGDS/VEGF-siRNA 

To test siRNA internalization HeLa cells were transfected for 

6 h and observed under confocal microscope (LEICATCS 

SP5, Germany) to capture images. Confocal images of Fig. 9 

indicate that of the control, VEGF-siRNA VEGF-

siRNA/ND/RGDS and NDCO-RGDS/VEGF-siRNA treated 

cells only the latter can enter and consequently release VEGF-

siRNA inside the cells (see the green fluorescence of figure 

9D). 

 

Fig.9 Confocal image of the treated HeLa cells. (A) Control; (B) VEGF-siRNA 
treated cells; (C) VEGF-siRNA/ND/RGDS treated cells; (D) NDCO-
RGDS/VEGF-siRNA treated cells. The bright green fluorescence is NDCO-
RGDS/VEGF-siRNA transferred VEGF-siRNA. 

It is rational that the transfection ability of the nanoparticles of 

NDCO-RGDS/VEGF-siRNA for the expression inhibition of 

mRNA and protein of the treated cells is essential. In contrast to 

NDCO2H and VEGF-siRNA, the confocal images evidence that 

within 6 h the nanoparticles of NDCO-RGDS/VEGF-siRNA can 

effectively enter the cytoplasm of HeLa cells. This property ensures 

the transfection ability, good cytoplasmaccumulationand desirable 

gene silencing efficacy of NDCO-RGDS/siRNA.  

NDCO-RGDS/VEGF-siRNA inhibits the expression of VEGF mRNA 

in vitro 

The transfection of VEGF-siRNA into HeLa cells by NDCO-

RGDS/VEGF-siRNA was evaluated with RT-PCR, while 

NC/LipoTM2000, ND/RGDS/VEGF-siRNA and VEGF-
siRNA/LipoTM2000 were used as the negative and positive 

controls, respectively. As shown in Fig.10, VEGF mRNA 

expression did not change significantly by treatment with the 

naked VEGF-siRNA, NC/LipoTM2000, and NC/NDCO-RGDS 

as comparable to that of vehicle. Of ten agents, VEGF-

siRNA/ND/RGDS and VEGF-siRNA/LipoTM2000 equally 

exhibited the highest inhibiting efficiency, but significantly 

lower than NDCO-RGDS/VEGF-siRNA. The results indicate 

that 60 nM of NDCO-RGDS/VEGF-siRNA and 80 nM of 

VEGF-siRNA/LipoTM2000 equally exhibit the expression of 

VEGF-mRNA, and the inhibition of the former shows a 
concentration-dependent manner. Thus RT-PCR evaluation 

supports NDCO-RGDS/VEGF-siRNA concentration 

dependently silencing VEGF of HeLa cells.29 

 

Fig. 10 VEGF mRNA expression of NDCO-RGDS/VEGF-siRNA nanoparticles 
treated HeLa cells. Data are presented as the average ± SD%, (n = 3) 

NDCO-RGDS/VEGF-siRNA silences the expression of VEGF gene in 

vitro 

The efficiency of NDCO-RGDS/VEGF-siRNA silencing the 

expression of VEGF geneis represented with the protein 

expression. As shown in Fig.11, the VEGF protein had the 

greatest inhibition treated by NDCO-RGDS/VEGF-siRNA, 

with a 37.22 ± 0.15% remain in VEGF protein. It had a 

significant lower inhibitory effect compared to the 

LipoTM2000 (66.05±3.05%) and ND/RGDS/VEGF-siRNA 

(49.26±2.25%) on VEGF expression. Fig. 8 indicates that 60 

nM of NDCO-RGDS/VEGF-siRNA and 80 nM of VEGF-

siRNA/LipoTM2000 equally exhibitthe protein expression, and 

the inhibition of the former shows concentration-dependent 

manner. Thus ELISA experiment indicates that NDCO-

RGDS/VEGF-siRNA can effectively suppress the treated 

HeLa cells to secret VEGF. Therefore both expressions of 

VEGF mRNA and secretion of VEGF protein support NDCO-

RGDS/VEGF-siRNA are capable of silencing VEGF gene of 

HeLa cells. Moreover, the conjugating structure between ND 

and RGDS solved the problem of RGDS leaking from 

complex in the published article, and achieved in the 

knockdown of gene and protein. 

 

 

Fig.11 Protein expression of NDCO-RGDS/VEGF-siRNA treated HeLa cells. 
Data are presented as the average±SD, (n = 6). 
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NDCO-RGDS/VEGF-siRNA inhibiting tumor growth of S180 mice  

The effect of NDCO-RGDS/VEGF-siRNA on tumor growth 

was evaluated with S180 mice. Fig.12A indicates that the 

tumor weights of the control and VEGF-siRNA treated mice 

are equal (p>0.05), but significantly higher than that of 

NDCO-RGDS/VEGF-siRNA treated mice (p<0.01). This 

means that by silencing the expression of VEGF gene NDCO-

RGDS/VEGF-siRNA exhibits in vivo anti-tumor action. 

Similarly Fig.12B indicates that the tumor volumes of the 

control and VEGF-siRNA treated mice are equal (p>0.05), but 

significantly larger than that of NDCO-RGDS/VEGF-siRNA 

treated mice (p<0.01). This means that by silencing the 

expression of VEGF gene NDCO-RGDS/VEGF-siRNA slows 

the tumor growth in vivo. 

Due to both NDCO2H and VEGF-siRNA exhibiting no action 

to the tumor growth of the S180 mice, the in vivo anti-tumor 

action of NDCO-RGDS/VEGF-siRNA on S180 mice should 

be the result of it releasing VEGF-siRNA into the S180 cells 

and consequently silencing the gene of S180 cells. 

 

Fig.12 In vivo anti-tumor activity of NDCO-RGDS/VEGF-siRNA and 
distribution investigation. (A) Tumor weight; (B) Tumor volume; (C) FT-MS 
spectra based distribution; (n=10).  

In vivo distribution of NDCO-RGDS/VEGF-siRNA 

To estimate tumor target the extracts of the organs and the 

tumor tissue of NDCO-RGDS/VEGF-siRNA treated mice 

received FT-MS examination and the spectra are shown in 

Fig.12C. The FT-MS spectra indicate that in the extracts of the 

brain, liver, spleen and lung no RGDS related peak is found, 

suggesting no NDCO-RGDS/VEGF-siRNA nanoparticles 

enter these organs. On the other hand, the FT-MS spectra 

indicate that in the extracts of the heart, kidney and tumor the 

peak of RGDS is at 434.26558-434.30081.The intensity of 

RGDS in the extract of tumor tissue is 1.5 folds higher than 

that in the extract of heart. These spectra suggestthat 

comparing to brain, liver, spleen and lung NDCO-

RGDS/VEGF-siRNA more preferentially enter the tumor 

tissue. On the other hand, the intensity of RGDS in the extract 

of kidney is 1.3 folds higher than that in the extract of tumor 

tissue. This comparison suggests that NDCO-RGDS/VEGF-

siRNA is likely to excrete via kidney. 

NDCO-RGDS/VEGF-siRNA has no cytotoxicity  

To evaluate the cytotoxicity of NDCO-RGDS/VEGF-siRNA 

the MTT assay of HeLa cells was performed. Fig. 13 indicates 

that all reagents do not exhibit the proliferation of the cells. 

Non-cytotoxic siRNA carriers are of importance.31 However, 

the nanoparticles with positive charge usually have cytotoxic 

effects due to the electrostatic interactions of them with 

negatively charged glycocalyx on cell membrane.32 In the 

MTT assay the proliferation of the treated HeLa cells was not 

inhibited by NDCO-RGDS/VEGF-siRNA. This means that 

NDCO-RGDS/VEGF-siRNA effectively silences VEGF gene, 

but has no cytotoxic action.  

 

 

Fig. 13 Cytotoxicity assay using MTT method. Data are presented as the 
average ± SD, (n=5). 

Conclusions 

A system toward gene therapy consisted of NDCO-RGDS and 

VEGF-siRNA, i.e. NDCO-RGDS/VEGF-siRNA, is 

established. The results of the in vitro and in vivo of NDCO-

RGDS/VEGF-siRNA consistently support that NDCO-RGDS, 

as a nano-carrier, is a safe and effective vector for VEGF-

siRNA delivery. As nano-particles having 112.2±3.42 nm of 

diameter and fine surfaces NDCO-RGDS/VEGF-siRNA 

shows the behaviour of slowly releasing and effectively 

transferring VEGF-siRNA over a long term. VEGF gene 

silencing could be induced by NDCO-RGDS/VEGF-siRNA 

without showing cytotoxicity. 
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