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Abstract: Small interfering RNA (siRNA) delivery is a prospective method in gene therapy, but
it has application limitations such as negative charge, water solubility and high molecular weight.
In this study, a safe and efficient nano-vector, CRS, was designed and synthesized to facilitate
siRNA delivery. Physical and chemical properties of VEGF-siRNA/CRS were characterized by
methods including scanning electron microscopy (SEM), transmission electron microscopy, zeta
potential ({) measurement, drug-releasing rate measurement, gel electrophoresis and confocal
microscopy. The biological activities were evaluated using cell viability assay, gene-silencing
efficacy assay in vitro, real-time polymerase chain reaction, enzyme-linked immunosorbent
assay (ELISA) and antitumor tests in vivo. The mean nanoparticle size of VEGF-siRNA/CRS
was 121.440.3 nm with positive {potential of 7.69+4.47 mV. The release rate of VEGF-siRNA
from VEGF-siRNA/CRS was 82.50% sustained for 48 h in Tris-ethylenediaminetetraacetic acid
buffer (pH 8.0). Real-time polymerase chain reaction was used to analyze the efficiency of the
transfection, and the result showed that VEGF mRNA expression had been knocked down by
82.36%. The expression of VEGF protein was also recorded to be downregulated to 14.83%
using ELISA. The results of cytotoxicity measured by Cell Counting Kit-8 assay showed that
VEGF-siRNA/CRS had significant inhibitory effect on HeLa cells. The results of antitumor
assays indicated that VEGF-siRNA/CRS exhibited tumor cell growth inhibition in vivo. The
results demonstrated that VEGF-siRNA could be delivered and transported by the designed
carrier, while siRNA could be released constantly and led to an increasing gene-silencing
effect against VEGF gene. In conclusion, VEGF-siRNA/CRS is a promising carrier for siRNA
delivery, and further studies are warranted.

Keywords: CRS, siRNA delivery, VEGF, tumor therapy, antitumor, biophysical characteristics,
gene silencing, protein expression

Introduction

RNA interference is the sequence-specific, post-transcriptional gene-silencing
phenomenon initiated by small interfering RNA (siRNA). It can block tumor-type
specific genes such as VEGF and survivin, which are required for tumor growth.'
The clinical application of siRNA is limited because of its low delivery efficiency and
transfection rate, which is due to its large molecular size, water solubility, negatively
charged surface and rapid degradation in serum.>* A newly designed carrier system
of siRNA is required to overcome these problems.> Many carriers have been modi-
fied and studied for siRNA delivery, and they include viral, nanoparticle, nanogel,
protein and peptide carriers (or vectors).® Viral vectors are efficient, but they have
high immunogenicity and high cytotoxicity in vivo, which make them less convenient
in clinical treatment.” Therefore, several efforts and studies have been focused on the
development of non-viral carriers.>*
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The DNA-intercalating compound B-carboline alkaloid
has been synthesized from natural amino acid through
condensation reaction, and among all synthesized DNA
intercalators,'®!! B-carboline alkaloid is widely used in drug
delivery systems and as a DNA intercalation agent.'>"* In a
previous study,'? B-carboline derivates were proved to inter-
calate into DNA double helix and cause DNA damage and
inhibit the growth of tumor significantly. Meanwhile, they
were shown to be biocompatible, non-inflammatory, non-
toxic and biodegradable for drug delivery.’ However, there
remains a need for these newly synthesized tumor-targeted
siRNA delivery carriers to be explored.'*

In this study, 1-CH,-B-carboline-3-COOH was syn-
thesized, and its 3-COOH group was linked with RGDS
(Arg-Gly-Asp-Ser) peptide, which can target the tumor cells.
RGD motif is one of the transmembrane glycoproteins; it
acts as a mediator in cell adhesion by linking to intergrin.'>1¢
RGDS peptide can bind to integrin receptors with high affin-
ity, inhibit cell adhesion and result in anti-inflammatory,
anti-angiogenesis and anti-migration activities.!” At present,
hydrophilic RGDS peptide is widely used as a carrier precur-
sor and pharmacophore in the modification procedures of
antitumor drugs, since it can target the tumor cells and has a
low clearance rate in vivo.'® In this study, VEGF-siRNA/CRS
was designed and synthesized as a new siRNA delivery vector,
and it was demonstrated that VEGF-siRNA could be delivered
into HeLa cells to induce significant gene-silencing effects and
to regulate the related protein expression at the cellular level.
The physical and chemical parameters were evaluated, and
the morphological features and gene transfection efficiency
were characterized against HeLa cell line in vitro. The gene-
silencing efficiency was evaluated by real-time polymerase
chain reaction (RT-PCR), and the protein expression was
detected by enzyme-linked immunosorbent assay (ELISA).
The cytotoxicity of the vector was measured by Cell Counting
Kit-8 (CCK-8) assay, and the targeting efficiency and tumor
cell viability were evaluated in vivo. The purpose of this study
was to demonstrate the feasibility of 1-methyl-f-caboline-3-
RGDS to be a promising delivery system for siRNA.

Materials and methods

All human tissue and cell work was performed according to
the Health Guidelines of Capital Medical University, and the
study protocols were approved by the Institutional Animal
Ethics Committee of Capital Medical University.

Instruments and materials
Tetrahydrofuran, dimethylformamide, dicyclohexylcarbodi-
imide, 1-hydroxybenzotriazole and N-methylmorpholine were

purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
L-Trp, Boc-Arg (Tos), Boc-Asp (OBzl), HCI-Gly-OBzI and
HCI-Ser-OBzl were purchased from Biochem Ltd (Shanghai,
China). HeLa cell lines were obtained from the Institute of
Basic Medical Sciences Chinese Academy of Medical Sci-
ences (Beijing, China). VEGF-siRNA, negative control (NC),
fluorescein-labeled siRNA (Cy3/FAM-siRNA), VEGF prim-
ers (forward sequence: 5~ ATCGAGACCCTGGTGGACA-3,
reverse sequence: 5'-CCGCCTCGGCTTGTCACA-3") and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primers
(forward sequence: 5-CAAATTCCATGGCACCGTCA-3,
reverse sequence: 5-GGAGTGGGTGTCGCTGTTGA-3")
were synthesized and purified by GenePharma Co., Ltd.
(Shanghai, China). Dulbecco’s Modified Eagle’s Medium
(DMEM), fetal bovine serum, penicillin, streptomycin and
trypsin were purchased from HyClone Laboratories Inc.
(Logan, UT, USA). CCK-8 was purchased from Dojindo
Molecular Technologies (Osaka, Japan). Butyleyanoacrylate
protein kit was purchased from Pierce (Rockford, IL,
USA). Cy3 marker was purchased from AAT Bioquest
Inc. (Sunnyvale, CA, USA). To-Pro®-3 lodide (642/661),
diethylpyrocarbonate (DEPC) water, Lipofectamine™ 2000,
TRIzol reagent, VEGF ELISA Kit, RNA to CDNA and
TagMan Mix were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). All reagents were of chemical
grade unless otherwise specified. S180 cells were obtained
from Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China).

Kodak Gel Logic 200 Imaging System (Eastman Kodak
Company, Rochester, NY, USA), ZetaPlus zeta poten-
tial instrument (Brookhaven Instruments Corporation,
Holtsville, NY, USA), Hitachi S-4800 (Hitachi Ltd., Tokyo,
Japan), transmission electron microscopy (TEM; JEOL,
Tokyo, Japan), dialysis tube (molecular weight [MW]
8,000—14,000 Da; Thermo Fisher Scientific), Copper grid
(Zhongjingkeyi Technology Co., Ltd, Beijing, China),
Victor X5 plate reader (PerkinElmer Inc., Waltham, MA,
USA), Real-Time PCR System (model 7500; Thermo
Fisher Scientific), confocal laser scanning microscopy
(Leica Microsystems, Wetzlar, Germany), 7T-MRI scanner
(Bruker Corporation, Billerica, MA, USA), Kodak FX Pro
(Kodak Alaris Inc., Tokyo, Japan), Malvern Zetasizer Nano-
75900 (Malvern Instruments, Malvern, UK) and confocal
microscope (Leica Microsystems) were used in this study.

Synthesis of |-methyl-f-caboline-3-
carboxylic acid

Following the previous work," 1-methyl-B-caboline-3-
carboxylic acid was synthesized using a four-step method
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Notes: Steps: ®, CH,CHO/H"; @, SOCL/CH,OH; ®, KMnO,/CH,COCH, and ®, NaOH. By the Pictet-Spengler reaction, I-Trp (I) was initially turned into (IS,3S)-1-
methyl-1,2,3,4-tetrahydro-B-carboline-3-carboxylic acid (Il) by condensation with CH,CHO/H", and compound Il was esterified into (1S,3S)-1-methyl-1,2,3,4-tetrahydro-
B-carboline-3-carboxylic acid methyl ester (Il1). The oxidation reaction of compound Il was catalyzed by KMnO,, and (1S,3S)-1-methyl-B-carboline-3-carboxylic acid methyl
ester (IV) was synthesized. Compound IV was saponified into |-methyl-B-caboline-3-carboxylic acid (V).

depicted in Scheme 1. By the Pictet-Spengler reaction,
L-Trp (I) was initially turned into (1S,3S)-1-methyl-
1,2,3,4-tetrahydro-B-carboline-3-carboxylic acid (II) by
condensation with CH,CHO/H*, and compound II was
esterified into (1S,3S)-1-methyl-1,2,3,4-tetrahydro-f-
carboline-3-carboxylic acid methyl ester (IIT). The oxidation
reaction of compound III was catalyzed by KMnO,, and
(1S,3S)-1-methyl-B-carboline-3-carboxylic acid methyl
ester (IV) was synthesized. Compound IV was saponified
into 1-methyl-f-caboline-3-carboxylic acid (V).

Synthesis of RGDS peptide

Following our previous work,* RGDS was synthesized
using liquid-phase peptide synthesis according to Scheme 2.
Boc-Arg(Tos) and Boc-Asp(OBzl) were first linked with
HCI-Gly-OBzIl and HCI-Ser-OBzl, respectively, and then the
OBzl group of Boc-Arg(Tos)-Gly-OBzl and the Boc group
of Boc-Asp(OBzl)-Ser-OBzl were removed by hydrogenesis
and acidolysis. Boc-Arg(Tos)-Gly-Asp(OBzl)-Ser-OBzl was
obtained by linking Boc-Arg(Tos)-Gly and HCI-Asp(OBzl)-
Ser-OBzl together.

Boc-Arg(Tos)-OH + HCI-H-Gly-OBzI

!

Boc-Arg(Tos)-Gly-OBz|

.

Synthesis of |-methyl-B-caboline-3-RGDS
Following the method in Scheme 1, compound V was
turned to 1-methyl-B-caboline-3-RGDS (VI) by linking with
HCI-Arg(Tos)-Gly-Asp(OBzl)-Ser-OBzl. The 1-methyl-f3-
caboline-3-RGDS with carboxyl and amino terminal (VII)
precipitated out during acidolysis (Scheme 3).

The structure and purity of CRS were elucidated and
evaluated with 'H nuclear magnetic resonance (NMR),13C
NMR, mass spectra, infrared (IR) spectrum, ultraviolet
(UV) spectrum and high-performance liquid chromatogra-
phy (HPLC).

Synthesis of CRS

Orthogonal screening tests were carried out, including leci-
thin (PC), CRS (m/m), PC + CRS, cholesterol (CH) (m/m)
and surfactant (m/v). Lipid mixtures, including cholesterol,
lecithin and CRS, were dissolved in CH,OH and CHCI,,
and the solvent was evaporated to leave the residue film in
vacuum overnight.”? After removing all the organic solvents,
the residue film was rinsed with RNase-free water. The CRS
was hydrated, sonicated and saved for further use.

Boc-Asp(OBzl)-OH + HCI-H-Ser-OBzI

!

Boc-Asp(OBzl)-Ser-OBzl

.

Boc-Arg(Tos)-Gly-OH + HCI-H-Asp(OBzl)-Ser-OBzl

'

Boc-Arg(Tos)-Gly-Asp(OBzl)-Ser-OBz|

Scheme 2 Synthesis of RGDS peptide.
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Scheme 3 Synthesis of |-methyl-B-caboline-3-RGDS with carboxyl and amino terminal.

Notes: Steps: ®, DCC/HOBt/NMM; ®, TFA/TfOH and @, HCI-EtOAc. Following the method in Scheme | (steps |—4), compound V was turned to |-methyl-B-caboline-
3-RGDS (V1) by linking with HCI-Arg(Tos)-Gly-Asp(OBzl)-Ser-OBzl. The |-methyl-B-caboline-3-RGDS with carboxyl and amino terminal (VII) precipitated out during

acidolysis.

Abbreviations: DCC, dicyclohexylcarbodiimide; HOBt, |-hydroxybenzotriazole; NMM, N-methylmorpholine; TFA, trifluoroacetic acid; TfOH, trifluoromethanesulfonic

acid; EtOAc, ethyl acetate.

Preparation for gel electrophoresis of
VEGF-siRNA/CRS

VEGF-siRNA was added into CRS and incubated with
protamine at 24°C for 20 min. According to the method in
the “Synthesis of CRS” section, VEGF-siRNA was incubated
with 25% CRS (75% PC), 50% CRS (50% PC), 75% CRS
(25% PC) and 100% CRS. Blank and naked siRNA were
added as controls. Agarose gel (1%) containing 0.5 pg/mL
of ethidium bromide in Tris-borate buffer was prepared. All
test candidates were mixed with 4 UL of six times of loading
dye. The electrophoresis was carried out at 95 V for 30 min,
the gel was observed under UV light and the results were
recorded using Kodak Gel Logic 200 Imaging System. The
experiments were repeated three times.

Particle size and { potential in
characterization of the VEGF-siRNA/CRS
The particle size and ¢ potential of the control, CRS and
VEGF-siRNA/CRS were evaluated on a { potential meter
at room temperature. All samples were diluted with DEPC
water 20 times, and the experiments were repeated individu-
ally three times.'®

Scanning electron microscopy (SEM)
and TEM
The nano-image of VEGF-siRNA/CRS was obtained by
SEM. All samples were diluted 40 times and dripped onto a
10 mm slide for observation.

The morphology studies of VEGF-siRNA/CRS were
carried out with TEM. All samples were diluted 40 times

with DEPC water. In all, 0.25 pL of VEGF-siRNA/CRS
was diluted with 10 uL of water and dripped onto a copper
grid, and then a drop of a hydrous ethanol was added to
remove the water. The grid was first dried thoroughly in
the air and then heated at 35°C for 4 days to be absolutely
anhydrous for the test. The TEM was operated at 80 kV,
and images were recorded using Gatan Bioscan Camera
1792 (Pleasanton, CA, USA) and magnified 6,000-400,000
times digitally.

Faraday-Tyndall

Laser light (650 nm) was used to visualize the nano-property
and Faraday-Tyndall effect of CRS in solution. In all,
25%, 50%, 75% and 100% of CRS in ultrapure water were
used as test candidates. Ultrapure water was used as blank
control. All samples were diluted 20 times with DEPC water
in a penicillin vial, and the Faraday-Tyndall effects were
compared.

Release of CRS and VEGF-siRNA from
VEGF-siRNA/CRS in vitro

The in vitro release of CRS was confirmed by dialysis;
266.3 UL of VEGF-siRNA/CRS was added in the dialysis
tube (MW 8,000-14,000 Da). The tube was immersed in
1.5 mL of 40% methanol in phosphate-buffered saline (PBS)
solution and shaken at 150 times/min in the water bath at
37°C. The results were collected at 0, 2, 4, 6, 12, 24 and 48 h.
At the given times, the solvent was completely removed and
replaced with fresh PBS solution. The amount of released
CRS was measured by UV spectrometer at the wavelength of
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271 nm. Release of VEGF-siRNA from VEGF-siRNA/CRS
was performed, but the solvent was replaced with 1.5 mL of
Tris-ethylenediaminetetraacetic acid buffer (10 mM Tris-
HCI and 1 mM ethylenediaminetetraacetic acid, pH 8.0).
Release of VEGF-siRNA was measured by a fluorescent
plate reader. Excitation wavelength was set at 492 nm, and
emission wavelength was set at 520 nm. All experiments
were repeated five times.

Cytotoxicity assay

The viability of tumor cells was evaluated by CCK-8 assay
against a HeLa cell line.” HeLa cells were cultured for four
generations, and 3x10? cells were seeded in 96-well plates
and incubated for 24 h. After washing with PBS three times,
naked VEGF-siRNA, VEGF-siRNA/Lipofectamine 2000,
NC/CRS and VEGF-siRNA/CRS (25%, 50%, 75% and
100%) were diluted with fresh medium and were added
into 96-well plates. The concentrations of VEGF-siRNA
were 25 nM, 50 nM, 75 nM, 100 nM and 125 nM, and the
medium was replaced with complete DMEM. The naked
VEGF-siRNA was used as the NC, and the Lipofectamine
2000 was used as the positive control. After 48 h, CCK-8
was added at the concentration of 10 uL/well and incubated
for another 4 h. The absorbance was measured at the detec-
tion wavelength of 450 nm using Victor X5 plate reader.
The cell viability was calculated according to the following
equation:

ASample - ABla.nk

——— x100%
AComrol - ABlank

Cell viability =

All experiments were repeated six times.

Enzyme-linked immunosorbent assay
Downregulation of VEGF protein expression was analyzed
by ELISA. The fourth-generation HeLa cells (1x10°/mL)
were seeded in 24-well plates (0.5 mL/well); washed with
PBS solution three times; transfected with fresh medium
containing DEPC water, VEGF-siRNA, NC/CRS, VEGF-
siRNA/Lipofectamine 2000 and VEGF-siRNA/CRS and
incubated at 37°C for 4 h. The concentrations of VEGF-
siRNA/CRS were 50 nM, 75 nM, 100 nM and 125 nM, and
the medium was replaced with complete DMEM. All cells
were incubated for 48 h, and the supernatants were collected.
The amount of VEGF protein was measured by ELISA, and
the absorbance was recorded at the detection wavelength of
450 nm using Victor X5 plate reader.

Analysis of gene-silencing activity by
real-time PCR

The decrease in VEGF-mRNA expression in HeLa cells
was evaluated by RT-PCR assay.?* Fourth-generation HeLa
cells (3x103/mL) were seeded in six-well plates (1 mL/well);
washed with PBS solution three times; transfected with fresh
medium containing VEGF-siRNA, NC/CRS, VEGF-siRNA/
Lipofectamine™ 2000 and VEGF-siRNA/CRS individu-
ally and incubated for 4 h. Naked VEGF-siRNA was used
as NC, and Lipofectamine™ 2000 was used as positive
control. The concentrations of VEGF-siRNA/CRS were
75 nM, 100 nM and 125 nM. The medium was replaced
with complete DMEM and incubated for >48 h. The cells
were washed three times with PBS, lysed in TRIzol reagent
and VEGF-mRNA was isolated. RT-PCR was carried out,
and GAPDH was used as the internal standard. The results
were calculated using the delta—delta Ct (2744%) method. All
experiments were repeated three times.

Confocal microscopy

In order to evaluate the transfection ability of VEGF-siRNA/
CRS, confocal laser scanning microscopy was used.” Before
transfection, 1x10° HeLa cells/well were incubated for 24 h
in 35 mm cell culture dishes. After the culture reached
70%—-80% confluence, the cells were washed three times
with PBS solution and incubated at 37°C with VEGF-
siRNA/CRS for 2 h and 4 h. All cells were then rinsed with
iced PBS solution three times, fixed by 10% formaldehyde
solution for 20 min and stained with 100 nM To-Pro in
PBS solution for 15 min. The results of stained cells were
collected and examined by confocal microscope (excitation
wavelength at 548 nm and 642 nm and emission wavelength
at 562 nm and 661 nm) for Cy3-labeled siRNA group and
To-Pro group, respectively.

Tumor xenograft model in vivo tumor

targeting and bio-distribution study

Male Institute of Cancer Research (ICR) mice (6 weeks
old, 18-22 g) were obtained from the Animal Department
of Capital Medical University (Beijing Laboratory Animal
Center, Beijing, China). All animal procedures were handled
in accordance with the guidelines of Capital Medical Univer-
sity, and protocols were approved by the Institutional Animal
Ethics Committee of Capital Medical University. Tumor
xenograft was made by hypodermic injection of S180 cells.
Animal magnetic resonance imaging (MRI) experiments
were performed on the 7T-MRI scanner. The full-body
scan and local scan at the right armpit were recorded. Rapid
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acquisition with relaxation enhancement sequence images
was recorded and analyzed.

In vivo target distribution of CRS

To confirm the target distribution of CRS modified by RGDS,
images of mice were taken by the image system FX Pro. CRS
was incubated with Cy3 in DEPC water for 10 min, which was
used as a test candidate. Naked Cy3 was used as control. The
drugs were injected into male ICR mice (6 weeks old, 18-22 g),
and fluorescence animal sagittal images were recorded at the
times of 15 min, 30 min, 60 min, 120 min and 240 min. The
parallel experiments were carried out ten times.

Inhibition of tumor growth

Tumor xenograft was made by inoculating 1x107 S180 cells
into ICR mice. Tumor in each mouse was measured using
vernier caliper. After 7 days, the mean volume of tumor
reached 80-90 mm?®. Mice were divided into four groups
(n=10). VEGF-siRNA/CRS and naked VEGF-siRNA
(100 nM) were intravenously injected into 2 groups for
5 days. CRS and doxorubicin (DOX; 20 umol/kg) were used
as blank control and positive control, respectively. After the
last injection, tumors were harvested and compared.

Data processing

The results are shown as mean + standard deviation and calcu-
lated from at least three independent experiments. Statistical
analysis was carried out by paired #-test. A P-value <0.05 was
considered to be statistically significant, and a P-value <0.01
indicated high significance.

Results and discussion

Synthesis

The structure of 1-methyl-B-caboline-3-RGDS with carboxyl
and amino terminal was identified by '"H NMR,13C NMR,
mass spectra and IR spectrum. In UV spectrum, the maximum
absorption was observed at wavelength 271.0 nm. Purity
of the final product reached 95.06%, which was evaluated

Table | Formulation of CRS by L9 (3) statistic experiment

using HPLC. These findings proved the successful synthesis
of CRS carrier.

Formulation and characterization
Nine orthogonal experiments (E1-E9) were carried out
to test the interrelation between particle size and zeta
potential against four candidates, A (PC:CRS, m/m),
B (PC + CRS:CH, m/m), C (emulsifying agent, m/v) and
D (probe ultrasound, min), followed by the procedure of
the Schafer’s research.?® The results from L9 (3*) statistic
experiments are listed in Table 1, and the results of orthogo-
nal analysis are listed in Table 2. The total score of the nine
experiments is listed in Table 1 and was calculated using
particle size (e=—1) and zeta potential (&=2). The scores were
later converted into statistic factors K (three levels) and R to
evaluate the total effect between each test candidate among
three levels (Table 2). E -E, (K)), E-E, (K,), E-E/ (K,)
were three levels used in this experiment, and R was used
for comprehensive comparison of three levels.

It can be observed from Table 2 that test groups of
A, B, C and D show different influences on the prepara-
tion of CRS. In each column, the absolute values of A-K,
(=194.933), B-K, (-665.447), C-K, (-296.280) and D-K
(=171.407) are more close to zero, indicating that siRNA
enwrapping was easier than for the other groups. The prepa-
ration conditions of the aforementioned group results were
A (PC:CRS, m/m)=0:100, B (PC + CRS):CH, m/m) =10:1,
C (emulsifying agent, m/v) =10 mg/mL and D (probe ultra-
sound, min) =15 min.

Gel electrophoresis of VEGF-siRNA/CRS

Cationic carrier has been widely used in the siRNA delivery
system,?” and the loading capacity of the carrier depends on
its electric property. As shown in Figure 1, an electrophoretic
mobility shift was used to evaluate the siRNA binding ability
of CRS. The siRNA was shown as bright bands, and it could
be absorbed by the CRS carrier; the conjugated siRNA was
not observed.

Experiment A (mg/mg) B (mg/mg) C (g/100 mL) D (min) Particle size (nm) Zeta potential (mV) Score

El 40:60 5l 0 5 2,422.7 -32.87 —2,488.44
E2 40:60 10:1 | 10 467.9 -27.71 -523.32
E3 40:60 15:1 2 15 103.3 0.29 -102.72
E4 30:70 5l I ) 127.8 —-17.46 —-162.72
ES 30:70 10:1 2 5 1,204.1 -10.07 -1,24423
E6 30:70 15:1 0 10 2,680.3 —4.06 —2,688.42
E7 0:100 5:1 2 10 122.9 -5.16 -133.22
E8 0:100 10:1 0 ) 320.8 36.01 -2,487.8
E9 0:100 15:1 I 5 216.1 6.65 -202.8

Notes: Values are expressed as mean * standard deviation (n=3). L9 is the code of orthogonal experiment; There are four candidates: A (lecithin:CRS, m/m), B (lecithin +

CRS:cholesterol, m/m), C (emulsifying agent, m/v) and D (probe ultrasound, min).
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Table 2 Orthogonal analysis of L9 (3) statistic experiment

Parameter A B C D

K, —-1,380.161 -928.127 —1,808.547 —1,305.160
K, —1,358.460 —665.447 —296.280 —1,114.987
K, —194.933 —997.980 —486.727 —171.407
R 1,163.527 332.533 1,512.267 1,133.753

Notes: L9 is the code of orthogonal experiment; There are four candidates: A
(lecithin:CRS, m/m), B (lecithin + CRS:cholesterol, m/m), C (emulsifying agent, m/v)
and D (probe ultrasound, min). E,-E, (K)), E—E, (K,), E,—E, (K,) were three levels used
in this experiment, and R was used for comprehensive comparison of three levels.

From group A to D (Figure 1), different concentrations
of CRS (A:25% CRS, B: 50% CRS, C: 75% CRS, D: 100%
CRS; see the “Synthesis of CRS” section for further details)
were used. In each gel, one unit of siRNA was used as a
substrate to evaluate the volume of CRS used. All the bright
bands disappeared, indicating that the siRNA was success-
fully enwrapped by the CRS.

The results showed that the CRS-conjugated siRNA
was inhibited from moving toward the positive electrode
in agarose gel, and the group 0.83 pmol/uL (Figure 1A),
1.11 pmol/uL (Figure 1B), 1.28 pmol/uL (Figure 1C) and
1.33 pmol/uL (Figure 1D) were the best results in each gel.
From D to A, the siRNA bands faded more rapidly along
with the increasing concentration of CRS, which indicated
that siRNA was more easily loaded into the CRS. The results
proved the successful entrapment of siRNA by CRS at dif-
ferent concentrations, and the formulation of VEGF-siRNA/
CRS (100%) had the highest efficiency among all the test
groups.

0.69 0.72 0.77 0.83 0.89

VEGF-siRNA/CRS (pmol/pL)

0.94 1.00 117 1.22

Physiochemical characteristics of
VEGF-siRNA/CRS

Faraday-Tyndall effect is a special feature of nanoparticles.
This phenomenon reflects the nanostructures of CRS solution.
VEGF-siRNA/CRS was prepared at different concentrations
in sample tubes, and Faraday-Tyndall effect was observed
under laser beam at 650 nm.

DEPC water was used as NC (solution A; Figure 2A).
Solution B (25% CRS) in Figure 2B presented obvious
Faraday-Tyndall effect. As concentration went higher,
Faraday-Tyndall effect could be observed in solution C (50%
CRS) of Figure 2C, solution D (75% CRS) of Figure 2D and
solution E (100% CRS) of Figure 2E. The nano-property of
CRS in ultrapure water was also characterized, the size, distri-
bution and { potential were measured by Malvern Zetasizer.

As shown in Figure 3A, the size of the siRNA-CRS
decreased from 89.2% to 36.8% after incubating with siRNA
(“Preparation of gel electrophoresis of VEGF-siRNA/CRS”
section). The { potential of all test groups was changed
from negative to positive (Figure 3B), which indicated that
VEGF-siRNA/CRS became more stable compared to CRS
after binding with siRNA. The structure of the carrier was
tighter, and the particle size was reduced. With different
CRS concentrations, the mean size of VEGF-siRNA/CRS
nanoparticle was calculated between 76.2+0.8 nm and
121.440.3 nm (Figure 3A), while the { potential increased
from 0 mV to 7.691t4.47 mV (Figure 3B). These results again
confirmed the successful synthesis of siRNA/CRS.

1.00 Blank siRNA

0.94 1.00 1.17 1.22 1.28 Blank siRNA

1.28 Blank siRNA

0.72 0.77 0.83 1.00 1.33 Blank siRNA

Figure | The agarose gel electrophoresis of VEGF-siRNA and CRS with different concentrations.

Notes: (A) 100% CRS, (B) 75% CRS, (C) 50% CRS and (D) 25% CRS (n=3).
Abbreviation: siRNA, small interfering RNA.
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Figure 2 Faraday-Tyndall effect of control and CRS (25%, 50%, 75%, 100%).

Note: A, B, C, D and E are control, 25%, 50%, 75% and 100% of CRS, respectively.

In DEPC-diluted solution, morphology of VEGF-siRNA/
CRS was studied.

The TEM and SEM images of nanostructure of VEGF-
siRNA/CRS are shown in Figure 4. From these images, it was
observed that each VEGF-siRNA/CRS formed a nanosphere,
100-200 nm in diameter. The gradually dissolved nanosphere
could contribute to the well-distributed and long-sustaining

A 1,000
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£
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.&’ 600 -

(7]

Q

E 400 -

h =

©

- L L

ol | | | h
25 50 75 100

CRS (%)

Diameter (nm)

release ability of the complex; the results of the release
experiment are given in the “In vitro VEGF-siRNA and CRS
release” section.

Confocal image of siRNA transfection
Nucleus dye (red) was used as a fluorescence probe to high-
light the nucleus of the HeLa cells. Cy3 dye (green) was used

o

50+

25+

Zeta potential (mV)
[&)]

-50"

CRS (%)

|[HCRS W VEGF-siRNA/CRS |

Figure 3 Nano-properties of CRS and VEGF-siRNA/CRS.
Notes: (A) Particle size and (B) { potential of various CRS concentrations (n=3).
Abbreviation: siRNA, small interfering RNA.
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Abbreviations: TEM, transmission electron microscopy; SEM, scanning electron microscopy; siRNA, small interfering RNA.

to test VEGF-siRNA (green)/CRS transfected into cytoplasm.
HelLa cells were transfected for 2 h and 4 h. The results were
observed under the confocal microscope and are shown in
Figure 5. The red cell nucleus was surrounded by green
VEGF-siRNA, which indicated the efficient absorption and
transfection of VEGF-siRNA to HeLa cells.

In Figure 5, compared with negative and positive controls,
VEGF-siRNA enwrapped with 100% CRS distributed tightly
around cell membrane after 2 h incubation, and it transfected
into cells generously at 4 h. However, in 25%, 50% and 75%
groups, the transfection of siRNA could barely be observed.
The results showed that VEGF-siRNA was co-localized with
CRS in cells after 2 h and 4 h incubation. This indicated
that siRNA was well loaded by CRS. The results suggested
that VEGF-siRNA/CRS could enter the cytoplasm, and its
gene-silencing effect is given in the “Enzyme-linked immu-
nosorbent assay” section.

In vitro VEGF-siRNA and CRS release

In vitro release of VEGF-siRNA and CRS from VEGF-siRNA/
CRS was measured by UV spectrophotometer and fluoro
spectrophotometer. The catabolites of VEGF-siRNA and CRS
were plotted using time against release percentage.

The results are shown in Figure 6. After a burst release
from 1 h to 12 h, a constant release of 57.66% of totally
conjugated CRS was observed within 50 h. During the slow
releasing period, CRS released and reached 62.63%, mean-
while siRNA released more quickly and reached 82.50%
at 48 h. There was no significant difference between the
CRS group and the untreated CRS group, indicating that
the CRS and VEGF-siRNA could be slowly released from
VEGF-siRNA/CRS.

Cell viability study

Tumor angiogenesis was essential in tumor cell growth,
and it could be efficiently inhibited by downregulating the
VEGF gene expression. In this research, in vitro tumor
growth inhibitory activity of different concentrations of
VEGF-siRNA/CRS was studied using CCK-8 assay against
HeLa cells.

The results are shown in Figure 7. At 125 nM, cell
viability of NC, positive control and VEGF-siRNA of 25%,
50%, 75% and 100% was 90.32%, 57.66%, 30.15%, 28.24%,
5.86% and 6.74%, respectively. Cell viability of all the test
candidate’s group was <60%, indicating that the inhibitory
activity of test candidates was significantly higher than the
positive control and NC (P<<0.01). Compared with NC and
NC/CRS, both CRS and VEGF-siRNA/CRS groups showed
higher inhibition (P>0.05), while the VEGF-siRNA/CRS
group (6.74% at 125 nM) had more inhibitory ability than
the CRS group (60.26% at 125 nM; P<<0.01). The half
maximal inhibitory concentration value of VEGF-siRNA/
CRS (100%) was calculated as 63.50 nM. These results were
further clarifications of the successful linking and transfection
of VEGF-siRNA/CRS. Moreover, the CRS group exhibited
low cytotoxicity, which was considered to be a good property
of the carrier.

Enzyme-linked immunosorbent assay

To investigate the gene-silencing efficiency of VEGF-
siRNA/CRS, the expression of VEGF protein in HeLa cells
was evaluated by ELISA. The signal of VEGF protein was
amplified, which could ease the observation and gave evi-
dence of the gene-silencing effect.
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Figure 5 Confocal image (x10%~10°) of in vitro cellular uptakes of VEGF-siRNA/CRS at 2 h and 4 h.
Abbreviation: siRNA, small interfering RNA.

100 As shown in Figure 8, the highest protein inhibitory

ability could be achieved at 125 nM of VEGF-siRNA/CRS.

The lowest VEGF secretion rate (14.83%) was recorded at

125 nM from the VEGF-siRNA/CRS group compared to
the NC (102.57%) and NC/CRS (97.76%) groups (£<<0.01).

— CRS (VEGF-siRNA/CRS) _ .

— CRS (blank CRS) Moreover, the VEGF-siRNA/CRS group had obvious growth

CRS (untreated CRS) inhibition activity (44.22%, 23.00%, 14.83%) at 75 nM,
— VEGF-siRNA (VEGF-siRNA/CRS)

Release (%)
3

100 nM and 125 nM, respectively, compared to the positive
T 6 11 16 21 26 31 36 41 46 51 control (VEGF-siRNA/Lipofectamine™ 2000, 24.62%,

Time () P<0.05). Both 100 nM and 125 nM groups of VEGF-siRNA/

Figure 6 Release of VEGF-siRNA and CRS from VEGF-siRNA/CRS. CRS had shown a downregulating effect, and the Silencing

Note: Data are presented as mean + SD (n=3). ]
Abbreviations: siRNA, small interfering RNA; SD, standard deviation. of VEGF gene could be inferred.
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Figure 7 In vitro inhibition of Hela cells treated by VEGF-siRNA/CRS (n=3).
Abbreviations: NC, negative control; siRNA, small interfering RNA.

Real-time PCR

The expression of VEGF mRNA was proved by RT-PCR.
Total RNA was extracted from HelLa cells, reverse tran-
scripted into cDNA and amplified to mRNA for tests. The
downregulation of mRNA reflected the inhibition effects
caused by VEGF-siRNA.

The results shown in Figure 9 indicated that there was a
reduction in VEGF mRNA transcription when compared to con-
trols. Decreased expression of mRNA could be effected by test
groups (75 nM, 100 nM and 125 nM VEGF-siRNA/CRS) grad-
ually, and the expression rate of mMRNA was at41.39%, 28.36%
and 27.64% respectively, compared with the blank control.

The inconstant decreasing results reflected that the gene
silencing could reach the higher limitation at concentration
of 100 nM, and the continuously increased concentration
of VEGF-siRNA/CRS caused no further effect on mRNA
expression. The results suggest that the VEGF-siRNA could
transfer into HeLa cells and inhibit the expression of VEGF-
mRNA in vitro.

Successful formation of xenograft model

and distribution in vivo
The experimental animal was observed by MRI, and the tumor
in the right armpit was detected to confirm the formation of

- 120 P>0.05 P<0.01
< | I\
< 100+
(2]
o
z 80 P<0.05
P<0.05
[ J
15 60
“‘E P>0.01
O 40-
(]
(7]
L ]
G 20
L
2, 1
Blank siRNA  NC/CRS CRS SIRNA/ 75 nM 100nM 125 nM
Lipofectamine
Concentration = 100 nM siRNA/CRS

Figure 8 ELISA results for VEGF protein expression of Hela cells treated with VEGF-siRNA/CRS.

Note: Data are presented as mean * SD (n=3).

Abbreviations: NC, negative control; siRNA, small interfering RNA; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation.
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Figure 9 Gene-silencing efficiency of VEGF-siRNA/CRS on Hela cells.
Note: Data are presented as mean * SD (n=3).
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Abbreviations: NC, negative control; siRNA, small interfering RNA; SD, standard deviation.

the xenograft model. Images of MRI coronal sections are
shown in Figure 10, in which the tumor is indicated in the
blue circle.

To investigate the distribution of the injected carrier,
images (Figure 11) were taken at set times. There was no
signal detected at 0 min. After 15 min, compared with B (only
Cy3 injected), the distribution of Cy3-CRS was observed in
brain, tumor, penis and limbs in group A. This distribution
lasted for 60 min, and after 1 h, the carrier started to metabo-
lize and the signal was observed in the liver. Over 120 min,
the carrier had been eliminated from the tumor area and the
signal was observed in the liver and kidney, which indicated
that the clearance time for VEGF-siRNA was approximately
within 2 h, and then, it could be cleared through the kidney.

The results showed consistency with the related literature.?
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Figure 10 The coronal sections of the tumor from the right armpit of mice.
Note: The tissue of the right armpit of each mouse is shown in gray, and the tumors
are shown with the blue circles.

Tumor growth inhibition

The inhibitory effect of VEGF-siRNA/CRS on tumor growth
was evaluated using S180 mice. Tumor weight was used to
identify the tumor inhibitory activity.

In Figure 12, the tumor weight of the normal saline group
was used as NC and that of the DOX group was used as
positive control. The comparison of two controls indicated the
successful implantation of tumor. Tumor weights of the NC
group (3.2310.61 g) and naked siRNA group (2.7910.49 g)
were significantly higher than that of VEGF-siRNA/CRS
(1.58+0.38 g; P<<0.01). VEGF-siRNA/CRS showed antitumor
activity and did not have a significant difference compared
with the positive control (1.53+0.32 g; P>0.05) in vivo, con-
sidering tumor weight. Moreover, the CRS group (35.81%)
exhibited inhibitory activity against the siRNA (13.50%) but
lower than that of VEGF-siRNA/CRS (51.21%), which might
be caused by the silencing effects of VEGF gene.

Conclusion

In this study, we successfully prepared 1-methyl-B-caboline-
3-RGDS (CRS) and demonstrated that it was a safe and
effective carrier for siRNA delivery. The RGDS was con-
jugated with 1-methyl-B-caboline and then absorbed with
siRNA by electrostatic interactions and van der Waals force
to form siRNA/CRS nanoparticles. The results showed that
the carrier could efficiently deliver siRNA into HeLa cells,
induce significant gene-silencing effects, and regulate the
related protein expression in cellular levels. Meanwhile,
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Figure |1 Imaging of mice from animal fluorescence system.
Notes: (A) 0 min; (B) 15 min; (C) 30 min; (D) 60 min; (E) 120 min; (F) 240 min. (a) Cy3-CRS injected and (b) Cy3 injected.
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Figure 12 In vivo antitumor effect of VEGF-siRNA/CRS.
Note: Data are presented as mean *+ SD (n=10).
Abbreviations: DOX, doxorubicin; NS, normal saline; SD, standard deviation; siRNA, small interfering RNA.
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RGDS peptide targeted tumor cells and caused a concentrated
distribution of nanocarriers around the tumor area.

In summary, a new siRNA carrier was synthesized and
generated with 1-methyl-B-caboline-3-carboxylic acid and
RGDS peptide, and the synthesis procedure is reported here.
The results showed that VEGF-siRNA/CRS was not only
able to form a stable nanocarrier but also exhibited the VEGF
gene-silencing effect and caused inhibitory activity of tumor
growth in vivo. These findings suggested that VEGF-siRNA/
CRS should be used as a low-toxic and highly-effective gene
carrier in the delivery system.
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