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Penetration and distribution of drug through the avascular regions of human solid tumors after extravasation are crucial concerns
for antitumor efficacy. To address this issue, an in vitro solid tumormodel ofmulticellular layers (MCLs) of human colorectal cancer
cells (DLD-1) was established. In an attempt to deliverDicer substrate small interfering RNA (DsiRNA), chitosan (CS) nanoparticles
have been developed for targeting vascular endothelial growth factor (VEGF) gene for tumor growth inhibition. The DsiRNA-CS
nanoparticles prepared by ionic gelation method had provided maximal protection of DsiRNA in full human serum up to 48 h
incubation. RT-PCR studies revealed significant concentration- and time-dependent knock-down ofVEGFmRNA and its product
due to uniform penetration of DsiRNA-CS nanoparticles throughout MCLs. Taken together, this study also demonstrated that
DsiRNA-CS nanoparticles could effectively knock down VEGF gene as therapeutic target in monolayer culture or in solid tumor
model for potential treatment of human colorectal carcinoma.

1. Introduction

RNA interference (RNAi) was first identified in C. elegans
in 1998 and subsequently in mammalian cells as a posttran-
scriptional gene silencing mechanism [1]. Within a decade,
RNAi has developed into a tool for functional molecular
genetics, target gene validation in drug discovery, and a novel
therapeutic strategy [2, 3]. Small interfering RNA- (siRNA-)
induced RNAi is considered to be a treatment modality for
human diseases including cancers [4, 5]. However, nonspe-
cific effects triggered by siRNAs complicate the use of RNAi
for specifically downregulating gene expression [6]. It has
been recently shown that chemically synthesized DsiRNA
(27 bp duplexes) is more potent than traditional siRNA (21 bp
duplexes) [7]. Use of DsiRNA to trigger RNAi should result

in enhanced efficacy and increased longevity of RNAi, at
lower concentrations than that of siRNA [8]. Unlike siRNA,
DsiRNA is bound and cleaved by Dicer and then passed into
the RNAi-induced silencing complex (RISC) assembly in a
sequence-specific orientation [6].

Stability in biological fluids and effective delivery consti-
tute the main challenges for RNA-based therapeutics [9–11].
Thus, carrier or transport system is the main constituent in
any in vitro/in vivo DsiRNA experiment. Despite the advan-
tages of DsiRNA, the selection of a correct transfection agent
thatwill proficiently protect anddeliverDsiRNA to the tissues
and provide a sustained release for additional processing is
vital. Viral delivery systems are frequently associated with
safety and immunogenicity concerns [12]. Thus, nonviral
transfection systems are more attractive to researchers and
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allow for better control of siRNA concentration and more
foreseeable toxicity patterns. Among the nonviral delivery
carriers, chitosan (CS) is a widely used cationic polymeric
gene carrier [13–15]. CS is a linear polysaccharide composed
of glucosamine and N-acetyl glucosamine residues and can
be derived by the partial deacetylation of chitin [16]. CS is
known to be biocompatible, minimally toxic, nonimmuno-
genic, and degradable by enzymes [17–20].

Humanmalignancies are target diseases for siRNA-based
therapeutics, with a long list of potential targets related to
aberrant signaling pathways in cancer cells [21]. Angiogenesis
in human solid tumors has drawn much attention as a direct
treatment strategy and a basis for universal chemosensitiza-
tion [22]. VEGF is an important angiogenic factor associated
with tumor growth and metastasis in a wide variety of solid
tumors [23–25]. Three-dimensional (3D) in vitro models of
human solid tumors mimic the in vivo conditions of solid
tumor avascular microregions, including the 3D architecture,
cell density, abundance of extracellular matrix (ECM), and
cell-cell and cell-ECMcommunications.Thesemodels are the
best in vitro models for studying spatial drug distribution as
a function of tissue depth (distance from drug exposure side)
and possibly drug activity in situ [26, 27].

In the present study, DsiRNAwas successfully loaded into
CS nanoparticles using the ionic gelation method. DsiRNA-
CS nanoparticles were characterized by their particle size,
zeta potential, morphology, binding and entrapment effi-
ciency, in vitro release, cytotoxicity, cellular uptake, and gene
silencing activity in 2D cell culture. The stability of the
DsiRNA-CS nanoparticles was also determined in FBS and
human serum. Moreover, a solid tumor model (3D) of DLD-
1 cells was successfully established in vitro. The solid tumor
model was used to evaluate the penetration of VEGFDsiRNA
vectorized by CS nanoparticles and its ability to inhibit tumor
growth. The penetration study was performed using 6-FAM-
labeledDsiRNA entrapped in CS nanoparticles against naked
6-FAM DsiRNA. Finally, their efficacy was determined by in
vitro gene silencing and ELISA analysis of the solid tumor
model.

2. Material and Methods

2.1. Materials. Low-molecular-weight (192 kDa) CS with a
75–85% degree of deacetylation (DD) was obtained from
Sigma-Aldrich (St. Louis, MO, USA) and pentasodium tri-
polyphosphate (TPP) was obtained from Merck (Darm-
stadt, Germany). DsiRNA targeting the VEGF gene [5-rGr-
GrArGrUrArCrCrCrUrGrArUrGrArGrArUrCrGrArGr-
UAC-3 (sense strand) and 5-rGrUrArCrUrCrGrArUrCr-
UrCrArUrCrArGrG rGrUrA rCrUrCrCrCrA-3 (antisense
strand)] of 27 bp in length was purchased from Integrated
DNA Technologies (IDT) (USA). Chinese hamster lung
fibroblasts (V79) and human colorectal adenocarcinoma cells
(DLD-1) were obtained from American Type Culture Collec-
tion (ATCC, USA). Human umbilical vein endothelial cells
(HUVECs), Medium 200, low serum growth supplement
(LSGS), Roswell Park Memorial Institute medium (RPMI)
1640, and Dulbecco’s Modified Eagle’s Medium (DMEM)
were purchased from Gibco (USA).

PureLink RNA Mini Kit, Lipofectamine RNAiMAX,
PureLink DNase, SuperScript VILO MasterMix First Strand
Synthesis SuperMix for RT-PCR, and PlatinumTaq DNA
Polymerase were purchased from Life Technologies (Carls-
bad, USA). Hoechsct 33342 stain was obtained fromThermo
Scientific Dharmacon (USA). The live/dead cell viability
assay kit and human VEGF Elisa kit were purchased from
Invitrogen (USA). Fluorescein-labeled siRNA and DsiRNA
were purchased from IDT (USA).The collagen-coatedmicro-
porous membrane (0.4 𝜇m pore size) was purchased from
Invitrogen (USA). The 4%w/v precast agarose gel elec-
trophoresis cassettes were purchased from Invitrogen, USA.
Hematoxylin and Eosin (H & E) stains were purchased from
Sigma-Aldrich (USA). The alamarBlue reagent was pur-
chased from Invitrogen (USA).

2.2. Methods

2.2.1. Preparation of CS Nanoparticles. CS nanoparticles were
prepared via the ionic gelation method with some modi-
fications [28]. A series of CS solutions (0.1%, 0.2%, 0.3%,
and 0.4%w/v) were prepared by dissolving the required
amount of CS in 2% v/v glacial acetic acid. TPP solution
of 0.1%w/v was prepared by separately dissolving TPP in
deionized distilled water. CS nanoparticles were prepared by
adding 1.2mL of the TPP aqueous solution dropwise to the
CS solution (0.1%, 0.2%, 0.3%, and 0.4%w/v) at 700 rpm for
30min. Centrifugation (Optima L-100 XP Ultracentrifuge,
Beckman-Coulter, CA, USA) was performed at 35,000 rpm
at 10∘C for 30min to collect nanoparticles.

2.2.2. DsiRNA Entrapment. To incorporate DsiRNA into
CS-TPP nanoparticles, 15 𝜇L of DsiRNAs (1.6 𝜇g/𝜇L) was
added to 1.2mL of TPP aqueous solution (0.1%w/v), and
this was added to 3mL of CS solution (0.1%, 0.2%, 0.3%,
and 0.4%w/v) under constant magnetic stirring (700 rpm) at
25∘C. The particles were then left at 25∘C for another 30min
before further analysis.

2.2.3. Preparation of MCLs. DLD-1 cells were maintained
in RPMI-1640 and supplemented with 5% pen-strep and
10% heat-inactivated FBS in a humidified, 5% (v/v) CO

2

atmosphere at 37∘C. Cells were grown on collagen-coated
microporous (0.4𝜇m) membranes in transwell inserts with
a plating density of 3 × 105 cells/100 𝜇L [29].

The transwell inserts containing 2mL of complete RPMI-
1640 medium in each insert were placed in a 6-well plate
containing 2.5mL of complete RPMI-1640 medium in each
well, followed by occasional agitation [30]. The RPMI-
1640 medium was replaced with fresh RPMI-1640 complete
mediumdaily. After 6 days of culturing,MCLswere obtained.
MCL thickness was measured using an optical microscope
(Olympus, Japan). Each transwell insert was transferred to
a new 6-well plate containing 5mL of RPMI-1640 complete
medium in eachwell for subsequent exposure toDsiRNA and
DsiRNA-CS nanoparticles. Briefly, the transwell inserts were
supplemented with 2mL of complete RPMI-1640 medium
in which naked DsiRNA/DsiRNA-Lipofectamine (negative/
positive control) and DsiRNA-CS nanoparticles were added
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to the RPMI-1640 medium for direct exposure with MCLs.
The 6-well plates were maintained in an incubator with a
humidified atmosphere containing 5% CO

2
at 37∘C and sup-

plemented with complete RPMI-1640 medium throughout
the duration of the experiment.

2.2.4. In Vitro Characterization of DsiRNA-CS Nanoparticles

Determination of Particle Size, Zeta Potential, and Polydis-
persity Index (PDI). The mean particle diameter (z-average),
polydispersity index (PDI), and zeta potential (surface
charge) of freshly prepared CS nanoparticles were deter-
mined by photon correlation spectroscopy (PCS) using a
ZS-90 Zetasizer (Malvern Instruments, Worcestershire, UK).
All measurements were performed after the samples were
harvested by centrifugation and resuspended in deionized
distilled water. Each sample was assayed in triplicate at 25∘C,
and data are reported as mean ± standard deviation.

Morphological Analysis. Morphological characterization of
DsiRNA-CSnanoparticleswas carried out using transmission
electron microscopy (TEM) (Tecnai Spirit, FEI, Eindhoven,
The Netherlands) and AFM NTEGRA Prima (NT-MDT,
Russia).

Entrapment Efficiency. The entrapment efficiency of DsiRNA
(% entrapped) was measured using a UV-vis spectropho-
tometer (Shimadzu UV-1800, Shimadzu Scientific Instru-
ments, Japan) at 260 nm. Briefly, the free DsiRNA in the
supernatant recovered from centrifugation (13,000×g at 10∘C
for 30min) was quantified by measuring its absorbance at a
wavelength of 260 nm with a dual beam UV-vis spectropho-
tometer. The concentration of free DsiRNA was determined
using Beer’s Law (𝐴

260
E𝐶𝐿) where 𝐶 is the concentration

of DsiRNA, 𝐴
260

is the absorbance at 260 nm, E is the
extinction coefficient, and 𝐿 is the path length of the cuvette.
Extinction coefficient of DsiRNA is 518500 Lmol−1 cm−1 and
entrapment efficiency was calculated using the following
formula:

Entrapment efficiency (%)

= [
(𝐶sample − 𝐶supernatant)

𝐶sample
] × 100,

(1)

where 𝐶sample is the concentration of DsiRNA added and
𝐶supernatant is the concentration ofDsiRNA in the supernatant.
All measurements were performed in triplicate, and data are
reported as mean ± SD.

Gel Retardation Assay. The binding efficiency of DsiRNA to
CS nanoparticles was determined using 4%w/v agarose gel
electrophoresis and SYBR�Green (Invitrogen, Carlsbad, CA,
USA) staining. Twenty microliters of sample (prepared at
variousCS concentrations) containing 0.15𝜇g ofDsiRNAwas
loaded into the wells.

Heparin Displacement Assay. Heparin sodium (10mg/mL)
was added into DsiRNA-CS nanoparticles suspended in
deionized distilled water (containing 0.6𝜇g of DsiRNA).

The mixture was incubated at 25∘C for 1 h to displace
DsiRNA from CS-TPP nanoparticles. The binding affinity
was observed by 4%w/v gel electrophoresis. Electrophoresis
was performed for 30min at 110V and DsiRNA bands were
visualized under a real-time UV transilluminator at 480 nm
(Invitrogen, Carlsbad, CA, USA).

2.2.5. Stability Studies

Serum Protection Assay (FBS and Human Serum). This
assay and the following experiments were performed for
DsiRNA-CS nanoparticles prepared with a CS concentration
of 0.3%w/v. This concentration was selected because of the
desired characteristics (small nanosize, net positive charge,
high entrapment efficiency, and binding efficiency) exhibited
by the resultant particles. A volume of 200 𝜇L of DsiRNA-CS
nanoparticles was incubated at 37∘C with an equal volume
of RPMI supplemented with 10% FBS. Naked DsiRNA acted
as a control and was treated in the same manner. At each
predetermined time interval (0 and 30min and 2, 4, 24,
and 48 h), 40 𝜇L of the mixture was removed and stored
at −20∘C to stop the reaction. Prior to gel electrophoresis,
the samples were incubated in a bath incubator at 60∘C
for 3min to terminate serum activity. A volume of 5 𝜇L of
heparin (1000U/mL) was then added to displace DsiRNA
from the CS nanoparticles.The structure integrity of DsiRNA
displaced from nanoparticles was then analyzed by gel
electrophoresis with 4%w/v agarose gel stained with SYBR
Green (Invitrogen, Carlsbad, CA, USA). Moreover, a human
serum protection assay was also performed in which 200𝜇L
of DsiRNA-CS nanoparticles was incubated with an equal
volume of human serum at 37∘C. Naked DsiRNA was used
as a control.

Quantification of DsiRNA. DsiRNA bands obtained from
the serum protection assay were quantified using ImageJ
software, developed by the National Institutes of Health
(NIH) (Maryland, US). The mean area, percent, and relative
density of each band were determined using the software.

Storage Stability. DsiRNA-CS nanoparticles were suspended
in deionized distilled water/PBS and stored at 4 and 25∘C for
15 days. The storage stability of the nanoparticles was deter-
mined bymeasuring their particle size at predetermined time
points. Deionized distilled water was used in this experiment
in order to investigate the stability of nanoparticles in their
resuspending medium.This was performed to help identify a
strategy for stabilizing the particles.

2.2.6. In Vitro Release Studies. The release profile of the
DsiRNA-CS nanoparticles was studied in PBS at pH 7.4.
Samples (4mL) were centrifuged at 35,000 rpm for 30min at
25∘C, and the pellets were resuspended in PBS (3mL) at pH
7.4.Themixture was placed onmagnetic stirrer with a stirring
speed of 100 rpm at 37∘C for 15 days. At predetermined
time intervals, samples were centrifuged at 35,000 rpm for
30min at 25∘C. Then, a whole volume of supernatant was
taken for analysis and replaced with an equivalent volume
of fresh buffer solution. The amount of DsiRNA released in
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the supernatant was analyzed by a UV-vis spectrophotometer
(Shimadzu 1800) at a wavelength of 260 nm.

2.2.7. Cytotoxicity Studies. The V79 cell line (ATCC, Manas-
sas, VA, USA) was cultured in DMEM supplemented with
10% FBS and 1% pen-strep at a seeding density of 2 × 104 cells
per well. The DLD-1 cells (ATCC, Manassas, VA, USA) were
cultured in RPMI-1640 medium supplemented with 10% FBS
and 1% pen-strep at a seeding density of 4 × 104 cells per
well. Moreover, the HUVECs (Gibco, USA) were cultured in
medium 200 at a seeding density of 3 × 104 cells per well. The
HUVECs were supplemented with 10% LSGS and 1% pen-
strep. All cells were incubatedwithDsiRNA-CS nanoparticles
for 24 and 48 h.

After 24 and 48 h incubation of samples with cells, a final
dilution of 1/10 per cell volume of alamarBlue reagent was
added to the treated cells, followed by incubation for 4 h
prior to analysis. The absorbance of each sample at 570 nm
(A570) was measured using a microplate reader (Varioskan
Flash, Thermo Scientific, Waltham, MA, USA). All cells
were maintained at 37∘C in a humidified 5% CO

2
/95% air

atmosphere.
Cell viability of all the samples was determined using the

following equation:

Cell viability (%) = (A570 of treated cells
A570 of control cells

) × 100. (2)

2.2.8. LIVE/DEAD Cell Viability Assay. A cell viability assay
was performed tomeasure the functional status of the cells by
detecting cytoplasmic esterase activity using the LIVE/DEAD
Viability/Cytotoxicity kit for mammalian cells (Invitrogen,
Carlsbad, CA, USA). The kit contains calcein, which stains
living cells (green), and ethidium bromide, which stains
dead cells (red). This assay was performed in 96-well plates.
Briefly, DLD-1 cells were plated at a seeding density of
4 × 104 cells per well. The cells were supplemented with
10% FBS and 1% pen-strep and maintained at 37∘C in a
humidified 5% CO

2
/95% air atmosphere. The cells were

treated with DsiRNA-CS nanoparticles for 24 and 48 h.
Subsequently, the cells were rinsed twice with PBS, followed
by adding fluorochromes (calcein/ethidium bromide). The
cells were treated with DsiRNA-CS treated with DsiRNA-
CS nanoparticles for 24 and 48 h and incubating for 45min.
The reagents were removed by rinsing with PBS followed by
analysis using a Floid Cell Imaging Station (Molecular Probes
Life Technology, France).

2.2.9. Cellular Internalization. DLD-1 cells (4 × 104) were
seeded in a 6-well tissue culture plate and incubated for 24 h
(80% confluence). The cells in each well were incubated for
4 h in a medium with 10% FBS at 37∘C with free 6-FAM-
DsiRNAorwithDsiRNA-CS nanoparticles. After incubation,
the cells were washed twice with PBS and then stained with
1 𝜇g/mL of Hoechst stain 33342 for 15min at 37∘C. Cellular
internalization of DsiRNA was examined using a Floid Cell
Imaging Station (Molecular Probes Life Technology, France).

2.2.10. In Vitro Gene Silencing

Investigation of VEGF mRNA Suppression Using RT-PCR. To
evaluate the gene silencing activity of DsiRNA-CS nanoparti-
cles in comparison to controls, DLD-1 cells were seeded with
2mL of RPMI 1640 containing 10% FBS on a 6-well plate
at 5 × 104 cells/well. After 24 h, samples and controls were
added with fresh medium (80 pmol DsiRNA) and incubated
for another 24 h. The cells were then harvested and RNA
was extracted using a PureLink RNA Mini Kit and PureLink
DNase, as recommended by the manufacturer (Life Tech-
nologies, Carlsbad). In this experiment, samples consisted of
a negative control (Lipofectamine and scrambled DsiRNA),
positive control (Lipofectamine and VEGF DsiRNA), and
DsiRNA-CSnanoparticles.The concentration ofDsiRNAwas
kept constant in all formulations.

After obtaining RNA from the cells, the quality of RNA
was assessed by 1%w/v agarose gel electrophoresis at 90V
for 60min in Tris-acetate-EDTA (TAE) buffer and visualized
by ethidium bromide staining. RNA was quantified using the
Infinite 200 PRO NanoQuant (Tecan, Switzerland). The gel
images were taken by an image reader (Fujifilm LAS-3000,
Tokyo, Japan). In the next step, complementaryDNA (cDNA)
was prepared from 1.5 𝜇g total RNA by reverse transcrip-
tion using SuperScript VILO Master Mix (Life Technolo-
gies, Carlsbad) for RT-PCR according to the manufacturer’s
instructions. For the VEGF gene, the forward and reverse
primers were 5-AGTGGTCCCAGGCTGCAC-3 and 5-
TCCATGAACTTCACCACTTCGT-3, respectively, whereas
for the reference gene, GAPDH, the forward and reverse
primers were 5-ACCACAGTCCATGCCATCAC-3 and 5-
TCCACCACCCTGTTGCTGTA-3, respectively (1st Base,
Singapore). The RT-PCR was carried out in an Eppendorf
Mastercycler Nexus Gradient Thermal Cycler (Hamburg,
Germany). Amplification products were resolved by 1%w/v
agarose gel electrophoresis at 90V for 60min in TAE buffer
and visualized by ethidium bromide staining. The images of
the gel were taken by an image reader (Fujifilm LAS-3000,
Tokyo, Japan). The densitometric analysis was performed
using imageJ software.

Morphology and Thickness of MCLs. The morphology of
the collagen layer and MCLs was observed using scanning
electron microscopy (SEM). Cross-vertical sections (10𝜇m)
of MCLs were stained with H & E and observed under an
optical microscope. Thickness of MCLs was measured by
using the optical microscope software. All measurements
were performed in triplicate, and data are reported as mean
± SD.

Gene Silencing within MCLs. MCLs were exposed to naked
DsiRNA and DsiRNA-CS nanoparticles (DsiRNA concen-
trations of 20 and 80 pmol) for 24 and 48 h at 37∘C in a
humidified 5% CO

2
/95% air atmosphere. At the end of the

exposure time, MCLs with collagen membranes attached
were cut out of the transwell inserts using a surgical blade
(size number 10), fixed with 4% paraformaldehyde, and
embedded in paraffin wax and later stained with H &
E. Cross-vertical sections (10 𝜇m) were observed using an
optical microscope.
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Table 1: Particle size, PDI, and zeta potential of DsiRNA-CS nanoparticles prepared at different CS concentrations, 𝑛 = 3.

CS concentration (% w/v) Particle size (nm) ± SD PDI ± SD Zeta potential (mV) ± SD
0.1 126.37 ± 15.52 0.30 ± 0.05 +30.50 ± 2.55
0.2 180.00 ± 18.78 0.35 ± 0.18 +37.13 ± 2.01
0.3 230.23 ± 13.80 0.40 ± 0.05 +40.27 ± 4.07
0.4 336.50 ± 11.38 0.55 ± 0.02 +55.30 ± 3.91
SD, standard deviation; 𝑛, sample number.

ELISA Analysis of VEGF Protein in Medium. MCLs were
exposed to naked DsiRNA, Lipofectamine-DsiRNA, and
DsiRNA-CS nanoparticles for 24 and 48 h in cell culture
conditions. In each sample, the concentration of DsiRNA
usedwas 80 pmol. At the end of the exposure time, the culture
medium in the bottom chamber was collected and cen-
trifuged to remove cell debris. The amount of VEGF secreted
from the MCLs was determined using the Quantikine�
human VEGF immunoassay kit (Ambion, USA), according
to the manufacturer’s instructions. All measurements were
performed in triplicate and data are reported as mean ± SD.

DsiRNA Distribution within MCLs. MCLs were exposed to
DsiRNA by adding naked 6-FAM-labeled DsiRNA (control)
andDsiRNA-CS nanoparticles (80 pmol) to the transwell and
incubated for 24 and 48 h. At the end of incubation, cells were
rinsed with PBS (pH 7.4) and fixed with 4% paraformalde-
hyde for 1 h. Thereafter, samples were embedded in liq-
uid nitrogen-cooled optimal cutting temperature compound
(Tissue-Tek�, Miles Laboratories, USA). Then, 20𝜇m thick
cross-vertical sections of MCLs were prepared using a cryo-
stat (Leica CM1900, Wetzlar, Germany). The slides were
mounted using polyvinyl alcohol mounting medium with
1,4-diazabicyclo[2.2.2]octane and a cover slip. The DsiRNA
distribution was observed by fluorescence microscope (Carl
Zeiss, Germany).

2.3. Statistical Analysis. Data was presented as mean ± SD.
The data were analyzed using independent 𝑡-test or analysis
of variance (One-way ANOVA, followed by Tukey post hoc
analysis) using SPSS 20.0 (SPSS Inc., Chicago, IL). Values of
𝑝 < 0.05 indicated statistical significance between the groups
tested.

3. Results

3.1. Particle Size, PDI, Zeta Potential, and Morphology. The
mean particle size of DsiRNA-CS nanoparticles was signif-
icantly increased by increasing the CS concentration from
0.1% to 0.4%w/v (Table 1). All the nanoparticles had a low to
moderate PDI value in the range of 0.30 to 0.55, varying with
CS concentration. This could be explained by the process of
DsiRNA association during the preparation of CS nanopar-
ticles. DsiRNA and TPP were mixed together to produce a
solution that was later added dropwise to CS solution. This
technique was expected to provide a better condition for
efficient and controllable incorporation of DsiRNA into CS
nanoparticles which yielded smaller particles. This finding is
in accordance with previous reports [31, 32].

The zeta potential of DsiRNA-CS nanoparticles increased
with increasing CS concentration at a constant DsiRNA con-
centration as shown in Table 1. Unloaded CS-nanoparticles
had zeta potentials in the range of +30.0 ± 1.0 to +59.7 ±
0.5 (Table S1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2016/7201204) when CS concen-
tration ranged from 0.1% to 0.4%w/v. However, these val-
ues were not significantly decreased when DsiRNA was
entrapped into the nanoparticles. This could be due to the
small number of DsiRNA phosphate groups that were avail-
able to interact with CSNH

3

+ groups. Particle size ofDsiRNA
loaded nanoparticles was smaller compared to unloaded ones
that could be attributed by better interactions between CS
polymers and TPP in the presence of DsiRNA even in a small
number of phosphate groups. In comparison to siRNA, the
larger size of the DsiRNA duplex (27mer, MW 16,558 g/mol)
could be attributed to the small number of available neg-
atively charged phosphate groups to compensate for NH

3

+

groups of CS [33]. This explains the finding that DsiRNA
loading had less of an effect on the overall surface charge of
CS nanoparticles. This effect might be due to a large amount
of DsiRNA buried in the matrices of CS nanoparticles by the
entrapment method, resulting in less density of negative
charge.

AFMmicrographs of DsiRNA-CS nanoparticles prepared
from 0.3%w/v CS revealed a spherical morphology (Figures
1(a) and 1(b)). Moreover, spherical morphology was also
observed for DsiRNA-CS nanoparticles prepared at different
CS concentrations using TEM as depicted in Figures 1(c),
1(d), 1(e), and 1(f). Thus, the results suggested that different
CS concentrations and DsiRNA entrapment had no effect on
the morphology of CS nanoparticles. The spherical shape of
DsiRNA-CS nanoparticles could be governed by the electro-
static interactions betweenDsiRNAandCS aswell as between
TPP and CS, provided for controllable gelation of CS.

3.2. DsiRNA Entrapment and Binding Efficiencies. A higher
DsiRNA entrapment efficiency was obtained (92% to 100%)
for CS nanoparticles when CS concentration was increased
from 0.1% to 0.4%w/v as measured by UV-vis spectropho-
tometry and shown in Figure 2(a). Entrapment efficiency of
DsiRNA into CS nanoparticles was therefore influenced by
CS concentration.Higher entrapment efficiencywas achieved
due to stronger electrostatic attraction between DsiRNA
molecules with a higher density of oppositely charged CS.

Strong binding between DsiRNA and CS nanoparticles
was observed (due to the absence of a trailing band), as shown
in Figure 2(b). Absence of a band indicated immobilization
of DsiRNA, which was probably due to efficient entrapment
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Figure 1: AFM micrographs of DsiRNA-CS nanoparticles (prepared from 0.3%w/v CS) of 2-dimensional (a) and 3-dimensional (b). TEM
micrographs of DsiRNA-CS nanoparticles prepared from 0.1% (c), 0.2% (d), 0.3% (e), and 0.4% (f) w/v CS at different magnifications (9900x,
60 kx, 26500x).

within the nanoparticles’ matrices and strong binding of
DsiRNA that was located on the nanoparticles’ surfaces.
However, DsiRNA is expected to be gradually released from
the nanoparticles following degradation of the polymeric
matrices [34, 35].

In heparin displacement assay experiment, heparin was
used to displace DsiRNA from CS nanoparticles prepared
with different CS concentrations (0.1%, 0.2%, 0.3%, and
0.4%w/v), as shown in Figure 2(c).The results suggested that
DsiRNA was reversibly bound to CS nanoparticles. Despite
that, a higher concentration of heparin (10mg/mL) was
needed to displace entrappedDsiRNA fromCS nanoparticles
suggesting stronger binding between entrapped DsiRNA
(those located on/near to the particles’ surfaces) and CS
nanoparticles. Meanwhile, the release of entrapped DsiRNA
within thematrices might occur when the polymer’s matrices
start to hydrate and swell. Moreover, a similar migration
distance of the bands to the control (naked DsiRNA) further
indicated that CS nanoparticles were able to load DsiRNA
without altering its molecular structure.

3.2.1. Stability of DsiRNA-CS Nanoparticles. The ability of
a carrier to protect its payload from nuclease degradation
is an important property for efficient gene delivery. Similar
to siRNA, DsiRNA must also be protected from nuclease
digestion for maximal activity in the cells. To address this, a
serum protection test was carried out for CS nanoparticles
in 10% FBS. Naked DsiRNA started to degrade as early as
0min due to degradation during mixing and freezing steps
as shown in Figure 3(a). Naked DsiRNA was almost totally
degraded after 48 h incubation in FBS. On the other hand, CS
nanoparticles were able to completely protect the entrapped
DsiRNA from nuclease degradation for up to 48 h incubation
as indicated by DsiRNA bands with similar brightness and
migration distance as those before the treatment (0min).
Thebandswere quantitatively analyzed using ImageJ software
as shown in Figure 3(b). The relative density of DsiRNA
bands released from CS nanoparticles was higher than
naked DsiRNA. Therefore, CS nanoparticles were effectively
protecting DsiRNA from the enzymatic activity of serum
components.
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Figure 2: Encapsulation efficiency (a) of DsiRNA-CS nanoparticles prepared from different CS concentrations (0.1% to 0.4%w/v CS), 𝑛 = 3.
Binding efficiency (b) and heparin displacement assay (c) of DsiRNA-CS nanoparticles as determined by 4%w/v agarose gel electrophoresis.

Currently, to our knowledge, there is no information
regarding the stability and integrity of DsiRNA-carriers
in human serum. Knowledge about the effects of human
serum on the stability of DsiRNA-carriers may help in the
development of new, more promising DsiRNA-carriers. This
experiment was conducted using DsiRNA-CS nanoparticles.
NakedDsiRNA started to degrade at as early as 0min incuba-
tion as shown in Figure 4.The smeared or diffused bandswere
observed after 30min incubation of nakedDsiRNA in human
serum and the same observation was obtained after 48 h
incubation. Moreover, migration distance of trailing bands

after 30min incubation increases in comparison to 0min
and control bands indicate degradation of DsiRNA by serum
nucleases. The smeared naked DsiRNA is probably due to
the presence of autofluorescent proteins or interactions with
SYBR Green dye [36]. This finding is in accordance with
the previous reports about naked siRNA in human serum
[36, 37]. CS nanoparticles effectively protected DsiRNA from
the activity of serum nucleases for up to 48 h of incubation
as indicated by the appearance of bands of similar brightness
and migration distance to the DsiRNA band before the treat-
ment (0min). However, interpretation and quantification of
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Figure 4: Electrophoretic mobility of naked DsiRNA and DsiRNA-
CS nanoparticles following incubation in human serum for 48 h.

the relative density of the DsiRNA bands in the presence of
human serum could not be obtained because the diffused
bands were difficult to quantify.

3.2.2. Storage Stability. Thestudywas performed in deionized
distilledwater or PBS (pH7.4) for 15 days.The storage stability
of DsiRNA-CS nanoparticles (CS concentration of 0.3%w/v)
in deionized distilled water at 4∘C and 25∘C is shown in
Figures 5(a) and 5(b), respectively. The results demonstrated
that DsiRNA-CS nanoparticles were stable in deionized
distilled water, as particle size remained unchanged at both
temperatures. Similar findings were obtained when DsiRNA-
CS nanoparticles were suspended in PBS and stored at 4∘C

and 25∘C, as shown in Figures 5(c) and 5(d), respectively.
The cross-linking effect of TPP in the formation of DsiRNA-
CS nanoparticles confers its action as a stabilizer, producing
structures, which are less prone to aggregations [38].

3.2.3. In Vitro Release. The in vitro release study of DsiRNA
from CS nanoparticles (CS concentration of 0.3%w/v) was
carried out using PBS at pH 7.4 for 15 days (Figure 6). A
rapid release in the first four days was also observed for
these nanoparticles, resulting in an 18% cumulative release of
DsiRNA.The rapid release might be attributed by the release
of loosely bound DsiRNA located near or on the particles’
surfaces. From day 5 until the last day of the experiment,
DsiRNA was released from CS nanoparticles at a constant
rate with 40% total cumulative release of DsiRNA.The release
at this stage might be due to erosion or a combination of
erosion and diffusion processes of the nanoparticles’ matrices
as previously reported [39].

3.2.4. Cytotoxicity. The cytotoxic effect of DsiRNA-CS
nanoparticles was investigated in V79, DLD-1, and HUVECs
cell lines by an alamarBlue cell viability assay. In V79 cells,
only a 5–11% loss of cell viability was observed for DsiRNA-
CS nanoparticles as shown in Figure 7(a). The cytotoxicity
of DsiRNA-CS nanoparticles was not significantly different
between 24 and 48 h incubations. Generally, cell viability
decreased as CS concentration used to prepare the nano-
particles increased from 0.1% to 0.4%w/v.

In the DLD-1 cell line, DsiRNA-CS nanoparticles caused
a cytotoxic effect after 24 and 48 h incubation as shown
in Figure 7(b). The cell viability decreased significantly as
the CS concentration used to prepare CS nanoparticles
increased from 0.1% to 0.4%w/v due to a higher density of
positive charges in the CS.This condition induced unspecific
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Figure 5: Storage stability of DsiRNA-CS nanoparticles: in deionized distilled water at 4∘C (a) and 25∘C (b) and in PBS at 4∘C (c) and 25∘C
(d), for 15 days, 𝑛 = 3.
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Figure 6: The release profile of DsiRNA-CS nanoparticles at pH 7.4
for 15 days, 𝑛 = 3.

interactionswith the cellmembranes, destroying the integrity
of the cell membrane [40, 41]. The cytotoxicity of DsiRNA-
CS nanoparticles in DLD-1 cells was further increased after
48 h incubation. The loss of cell viability of DLD-1 cells was
expected to be greater than that of the normal cells because
CS has the ability to inhibit the growth of human cancer cells
through an antiangiogenic mechanism [42].

HUVECs are isolated from the vein of the umbili-
cal cord and are commonly used for physiological and

pharmacological investigations involving macromolecule
transport, blood coagulation, angiogenesis, and fibrinolysis.
In addition, HUVECs are also available which are pre-
screened for VEGF response. VEGF is an important signaling
protein involved in both vasculogenesis and angiogenesis.
In vitro, VEGF has been shown to stimulate endothelial cell
mitogenesis, cell migration, sprouting, and microvascular
permeability. In HUVECs, a 7–18% loss of cell viability
was observed when the cells were treated with DsiRNA-CS
nanoparticles (Figure 7(c)). Different CS nanoparticles made
from various CS concentrations did not significantly affect
the cell viability after 24 and 48 h incubation even though a
deceasing trend in cell viability could be seen. A significant
decrease in cell viability was observed after 48 h incubation
compared to 24 h incubation, suggesting the progressiveness
of the cytotoxicity effect over time. This could be due to
the silencing activity of DsiRNA against the targeted VEGF
gene resulting in cell death. Therefore, it can be concluded
that CS nanoparticles have the potential ability to deliver
DsiRNA into the target site and could be applied in cancer
therapy by inhibiting angiogenesis, whichmay control tumor
growth and metastasis [43]. However, further investigation is
necessary to address this effect.

For LIVE/DEAD cell viability assay, the results showed
that untreated cells did not produce any loss of cell viability
(Figure 8(a)(A) and (D)), while some loss was observed in
the cells treated with naked DsiRNA (Figure 8(a)(B) and
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Figure 7: Cytotoxicity effects of DsiRNA-CS nanoparticles after 24 and 48 h incubation in V79 (a), DLD-1 (b), and HUVECs (c) cell lines,
𝑛 = 3.

(E)). These results are in accordance with the results from
the cytotoxicity assays using alamarBlue that also showed
some cell death (red color) after 24 h of the cells treated with
DsiRNA-CS nanoparticles (Figure 8(a)(C)). Furthermore, an
increase in cell death was observed after 48 h incubation as
indicated by the presence of red color (dead cells), as shown
in Figure 8(a)(F).

3.2.5. DsiRNA Internalization/Cellular Uptake. After incuba-
tion of DLD-1 cells with 6-FAM-DsiRNA entrapped within
CS nanoparticles for 6 h, fluorescence could be detected
within the cells. The fluorescence was mainly distributed in
the cytoplasm, which is in agreement with previous observa-
tions for siRNA cellular uptake and an earlier report (Figures
8(b)(D)–(F)) [44]. However, fluorescence from the naked 6-
FAM-DsiRNA could not be detected (Figure 8(b)(A)–(C)).
Therefore, the results of this study suggested that DsiRNA
entrapped within CS nanoparticles could efficiently deliver
DsiRNA into cells, particularly the cytoplasm.

3.2.6. In Vitro Gene Silencing. In order to investigate the
silencing activity of VEGF mRNA, RT-PCR was used to
determine the VEGF mRNA level in DLD-1 cells. In this

experiment, samples consisted of a negative control (Lipo-
fectamine and scrambledDsiRNA), positive control (Lipofec-
tamine and VEGF DsiRNA), and DsiRNA-CS nanoparticles.
The concentration of DsiRNA (80 pmol) was kept constant
in all formulations.The quality of housekeeping (Figure 9(a))
and VEGF mRNA (Figure 9(b)) was also assessed using
1%w/v agarose gel electrophoresis. A quantitative analysis
of VEGF mRNA level was performed using imageJ software
(Figure 9(c)). The results showed that the negative control
did not show any silencing effect in the target gene. The
highest gene silencing activity was observed in the positive
control. However, DsiRNA-CS nanoparticles showed a sig-
nificant decrease in VEGF mRNA level in comparison to
the negative control, and this level was comparable to the
positive control. The high gene silencing activity of DsiRNA-
CS nanoparticles compared to a positive control was expected
because, as previously discussed, these particles provided
maximum stability in FBS and human serum. Interestingly,
a very low concentration of DsiRNA (80 pmol) was used in
this study which is lower than the concentration of siRNA
(100–250 nmol) commonly used to silence target genes.Thus,
DsiRNAwas found to bemore potent than siRNA in silencing
the VEGF gene.
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3.2.7. Morphology of MCLs. The morphology of the collagen
layer and 6 days of growth ofMCLs was examined using SEM
(Figures 9(d), 9(e), and 9(f)). The results showed that MCLs
were tightly attached to the collagen layer (basement mem-
brane). Cells were difficult to view on the surface due to the
secretion of a large amount of ECM, as reported previously
[45].The collagen layer can be observed in Figure 9(d).MCLs
that attached to the collagen layer as a basement membrane
can be observed in Figures 9(e) and 9(f).

3.2.8. VEGF Gene Silencing within MCLs. Across a wide
range of human tumors and/or cell lines, expression ofVEGF
leads to the development and maintenance of a vascular
network that promotes tumor growth. Moreover, evidence
obtained from tumor studies indicates the involvement of
both VEGF gene expression and VEGF production in tumor
growth. Thus, the MCLs thickness is correlated with VEGF
expressions reported elsewhere [29]. The thickness of MCLs
without treatment was calculated using software (Analysis
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LS Report) and an optical microscope. The thickness was
calculated to be in the range of 200 ± 20 𝜇m.The expression
ofVEGFmRNAwas determinedwithin theMCLs after expo-
sure to naked DsiRNA and DsiRNA-CS nanoparticles (20
and 80 pmol) targeting VEGF after 24 and 48 h incubations.
This concentration was used because the risk of off-target
effects can be reduced if the DsiRNA concentration is below
100 pmol when the effective transfection reagent and protocol
are applied [7]. No significant changes inVEGFmRNA levels
were observed in MCLs when treated with naked DsiRNA in
comparison to the untreated control group (Figures 10(a)(A)
and (B)), indicating the absence of a gene silencing effect. On
the other hand, theVEGFmRNA level decreased significantly
compared to the untreated control group when MCLs were
exposed to DsiRNA-CS nanoparticles (20 and 80 pmol) after
24 and 48 h incubations (Figures 10(a)(C)–(F)). The results
also showed that DsiRNA-CS nanoparticles caused a higher
loss of VEGF mRNA at 80 pmol (Figures 10(a)(E) and (F))
in comparison to 20 pmol as shown in (Figures 10(a)(C)
and (D)). Moreover, a higher reduction of VEGF mRNA
was observed at both concentrations after 48 h incubation as
shown in Figures 10(a)(D) and (F). Thus, the gene silencing
effect in MCLs was concentration- and time-dependent,
showing more suppression at higher concentrations and
longer incubation periods. In addition, DsiRNA could be

used to silence target genes associated with solid tumors at a
2.5-fold lesser concentration than siRNA, and this could help
with avoiding off-target effects.

3.2.9. ELISA Analysis for VEGF Protein in MCLs. The VEGF
levels in MCLs were determined by ELISA after exposure to
naked DsiRNA, CS nanoparticles (unloaded), and DsiRNA-
CS nanoparticles for 24 and 48 h. A DsiRNA concentration
of 80 pmol was used in all formulations. The results showed
that naked DsiRNA did not exert any significant reduction in
the VEGF level in MCLs when compared to untreated cells
(Figure 10(b)).This finding is in accordance with the previous
report on siRNA [29]. Moreover, Figure 10(b) shows a signifi-
cant reduction in VEGF levels when MCLs were treated with
DsiRNA-CS nanoparticles in comparison to untreated cells.
The significant decrease inVEGF level was also observed after
48 h exposure of DsiRNA-CS nanoparticles. This significant
decrease in VEGF level might be due tomaximumprotection
of DsiRNA provided by the CS nanoparticles in FBS and
human serum as discussed above.

3.2.10. DsiRNA Distribution within MCLs. DsiRNA distri-
bution in MCLs was evaluated upon exposure of 6-FAM-
labeled naked DsiRNA entrapped into CS nanoparticles
(80 pmol) for 24 and 48 h. The naked DsiRNA (control) only
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Figure 10: (a) VEGF mRNA expression in MCLs of DLD-1 cells of untreated MCLs (A), MCLs exposed to naked DsiRNA (B), DsiRNA-CS
nanoparticles at 20 pmol (C and D), and 80 pmol (E and F) for 24 and 48 h incubations, respectively. (b) The level of VEGF protein in MCLs
after exposure to DsiRNA-CS nanoparticles for 24 and 48 h.

showed some fluorescence on the surface of MCLs with no
penetration observed up to 48 h incubation (Figures 11(a)
and 11(b)). For DsiRNA-CS nanoparticles, distribution was
limited to the middle layer of MCLs after 24 h incubation
(Figures 11(c) and 11(e)). However, after 48 h incubation
complete and uniform penetration of DsiRNA was observed
which could be detected by fluorescence throughout the
MCLs (Figures 11(d) and 11(f)). Cell detachment from MCLs
was also observed after 48 h, indicating that the silencing
effect of the target gene had subsequently contributed to the
antitumor effect.This effect is in accordancewith the previous
findings that showed a significant reduction in VEGF levels
caused by DsiRNA-CS nanoparticles and the effect was more

pronounced after 48 h. Fluorescence signals detected within
MCLs demonstrated the ability of CS nanoparticles to deliver
DsiRNA into cells and induce the RNAi effect as reported
elsewhere [29].

4. Conclusions

DsiRNA-CS nanoparticles that had a small particle size,
positive surface charge, regular morphology, high encapsu-
lation efficiency, and exhibited sustained release of DsiRNA
were successfully prepared by the ionic gelation method.
Moreover, these nanoparticles provided maximal protection
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Figure 11: DsiRNA distribution in MCLs after 24 and 48 h incubation with naked 6-FAM DsiRNA (control) and 6-FAM DsiRNA-CS
nanoparticles. Scale bar represents 50 𝜇m.

of DsiRNA in 10% FBS and human serum for up to 48 h incu-
bation. Cytotoxic effects were determined to be dependent on
the concentration of CS in the case of V79 and DLD-1 cells
and otherwise in the case of HUVECs. Moreover, DsiRNA-
CS nanoparticles were successfully internalized into DLD-
1 cells. RT-PCR studies revealed that DsiRNA entrapped
within CS nanoparticles could highly downregulate VEGF

mRNA levels in DLD-1 cells. The solid tumor model (MCLs)
was successfully established in vitro. MCLs possessed a
compact morphology. The gene silencing effect of MCLs was
concentration- and time-dependent, showing greater sup-
pression at 80 pmol and for 48 h incubation. The findings are
very promising because the highest DsiRNA concentration
of 80 pmol used in this study could effectively result in a gene
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silencing effect. This concentration is much lower than the
concentration needed for siRNA (200 pmol) reported previ-
ously [29]. Thus, DsiRNA was more effective for silencing
the target gene in solid tumors at a concentration 2.5-fold
less than siRNA, and this reduction could prevent off-target
effects. Moreover, CS has great prospective applications for
DsiRNA delivery. Thus, DsiRNA-CS nanoparticles could be
used in future in vivo studies.
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