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ABSTRACT
Here, we investigated the effects of dual delivery of IGF-1R siRNA and doxorubicin by chitosan nanopar-
ticles on viability of A549 lung cancer cells line by utilization of MTT and qRT-PCR. Furthermore apop-
tosis and migration of treated cells were assessed by Annexin-PI and wound healing assays,
respectively. The chitosan nanoparticles had about 176nm size with zeta potential and polydispersive
index about 11mV and 0.3, respectively. The IGF-1R siRNA had synergistic effect on DOX-induced cyto-
toxicity and apoptosis in tumour cells. In addition, siRNA/DOX-loaded chitosan nanoparticles could sig-
nificantly decrease migration and expressions of mmp9, VEGF and STAT3 in A549 cells.
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Introduction

Lung cancer is the most frequent cause of cancer mortality in
the world. There are two forms of lung cancer, which are
categorized by histological subtypes, including non-small cell
lung cancer (NSCLC) and small-cell lung cancer (SCLC) [1].
The former comprises about 85% of all lung cancers with a
poor 5-year survival rate and prognosis [2–6]. Despite signifi-
cant advances in the therapeutic modalities including surgery,
chemotherapy, radiotherapy and immunotherapy, NSCLC
prognosis remains poor with short median survival time [7].
The tendency of anticancer drugs in accumulation in normal
tissues and consequent toxic side effects is one of the main
reasons of unsuccessful outcome [8]. In this regard, targeted
therapy opens new insights for effective treatment of lung
cancer. Drug delivery to the lungs provides many opportuni-
ties to improve drug therapies. In recent years, nanoparticles,
as an efficient tumour-targeting drug delivery system, are
considered as the hot topic in cancer research field. In this
context, encapsulated anticancer drugs improve cellular
uptake and increase drug concentration without dose-limiting
toxicities (DLTs) in normal tissues, thus improved patient
compliance [9–12]. Despite advances in nanoparticle-based
therapies for the treatment of NSCLC such as liposome, solid
lipid nanoparticles (SLNs) and polymeric nanoparticles, few of
them are successful in clinical results. It is a challenge to
design suitable drug delivery systems for many of anticancer

drugs with different physicochemical characteristics and effi-
cient therapeutic activities in the physiologic condition [13].

Polymeric nanoparticles for instance chitosan (Chi), a poly-
saccharide modified from chitin, have attracted much atten-
tion because of their unique characteristics like
biocompatible, biodegradable, non-immunogenic, pH sensi-
tive are appropriate vehicle for drug delivery that reduce
nonspecific toxicity of anticancer drugs, prolong circulation
time in blood and improve therapeutic efficiency [14–19].
Mehrotra et al. [20] demonstrated that the lomustine-loaded
chitosan nanoparticles (ChiNPs) improved cytotoxicity in the
L132 lung cancer cell line. Specific characters of modifying
Chi has been introduced it as a potential tool for gene and
drug delivery in combinational therapy setting [13,20].

Chemotherapy-resistant tumour cells are main challenge in
clearing of tumours in patients. Thus, fighting against tumor
cells with targeting different critical cancer hallmarks would
improve the chance of successful cancer targeting therapy
[21]. Targeting essential and critical genes involving tumour
development and growth such as insulin-like growth factor 1
receptor (IGF-1R) can be appropriate to accompany chemo
drugs in combinational therapy.

The IGF-1R is a tetrameric transmembrane protein, which
belongs to receptor tyrosine kinase family (RTKs). IGF-1R is
activated by insulin-like growth factor 1 (IGF-1) and IGF-2 hor-
mones. The activation of IGF-1R triggers tumour cell growth,
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resistance to apoptosis, angiogenesis, migration and invasion.
Aberrant IGF-1R signalling has been reported in several
tumour types, including colorectal and lung cancers [22,23].
IGF-1R is expressed in 39–84% of NSCLC patients [24].
Moreover, several studies demonstrated that IGF-1R expres-
sion confers resistance to EGFR therapy in lung cancer [25].
These findings show role of IGF-1R in numerous features of
malignancy and suggesting this receptor could be a potential
target for anticancer therapy. There are several therapeutic
approaches to inhibit IGF-1R signalling such as using antibod-
ies against IGF-IR or kinase inhibitors. Gene silencing poten-
tially could be considered as another alternative in IGF-1R
targeting in lung cancer [26]. Thus, for the first time to our
knowledge, we persuaded to investigate the efficiency of co-
delivery of doxorubicin (DOX) and IGF-1R siRNA by ChiNP in
A549 lung cancer cell line.

Material and methods

Preparation of chitosan nanoparticles (chi)

To obtain a 140 kDa molecular-weight ChiNP, 2 g of Chi
(400 kDa, 87.3% deacetylation degree, Primex, Karma,
Norway) was dissolved in acetic acid (6% v/v, Merck,
Darmstadt, Germany) and then 10ml NaNO2 (Merck,
Darmstadt, Germany) at the concentration of 1mg/ml was
added and shaked for 2 h at room temperature. The depoly-
merized Chi was precipitated by adding NaOH (Merck,
Darmstadt, Germany) 4M at pH 9.0 and then was filtrated.
Filtered Chi was then washed with acetone (Merck,
Darmstadt, Germany) three times and dissolved in 40ml of
acetic acid (0.1 N). After dialysis (cut-off 12 kDa), ChiNP was
lyophilized using freeze dryer (FD-10, Pishtaz Engineering Co,
Tehran, Iran) and kept at 4 �C for further study.

Preparation of pharmaceutics groups (chi/siRNA/DOX/
CMD, chi/siRNA/CMD and chi/DOX/CMD)

To produce ChiNP solution with different concentrations of
DOX (Pfizer, New York, NY) and IGF-1R siRNA (Santa Cruz
Biotech, Dallas, TX), 100 ll carboxymethyl dextran (CMD)
(Sigma Aldrich, St. Louis, MO) with concentration of 1mg/ml
in deionized water was added to 20, 10, 5, 2.5 and 1.25 lg/ml
of DOX. Then, 5 ll of IGF-1 R siRNA (100 nM) was added to
the prepared solution and mixed for 15 s by vortex. The mix-
ture was slowly added to 1ml of Chi solution (10mg/ml in
distilled water with pH 5.5) and was incubated for 30min at
room temperature. Other groups including ChiNP/CMD,
ChiNP/DOX/CMD and ChiNP/siRNA/CMD were prepared as
mentioned above except adding siRNA and DOX as described
previously [27]. Moreover, the complexes of Chi/siRNA/CMD
were analysed by electrophoresis on a 2% agarose gel com-
pared with a naked siRNA.

ChiNP morphology and characteristics

To study the morphology of ChiNP-loaded with DOX and IGF-
1R specific siRNA, one drop of ChiNP/siRNA/DOX/CMD was
dried on an aluminum disk coated with a layer of gold and

then scanned by scanning electron microscopy (SEM) (XL 30;
Philips, Eindhoven, The Netherlands). Furthermore, size, poly-
dispersity index (PDI) and zeta potential of ChiNP with vari-
ous pharmaceutics group including ChiNP/CMD, ChiNP/
siRNA/DOX/CMD, ChiNP/siRNA/CMD and ChiNP/DOX/CMD
were measured by dynamic light scattering and zeta sizer
(Nano-ZS, Malvern, Worcestershire, UK). All measurements
were repeated three times at 25 �C, wavelength of 633 nm
and angle detection 90�.

Fourier transform infrared spectroscopy
To investigate the molecular structure of ChiNP/DOX/CMD
and ChiNP/CMD, wavelengths emitted from amino group in
Chi (NHþ

3 ), carboxyl group (COO�) in the CMD and C–C bond
in DOX were measured by FTIR spectrometer (Magna IR 550;
Madison, WI).

IGF-1R siRNA and DOX loading efficiency

The IGF-1R-specific siRNA loading efficiency (%) in nanopar-
ticles was determined by investigating the free siRNA in the
supernatant of ChiNP/siRNA/CMD solution by centrifugation
(15,000g, 20min). The optical densities (OD) of free siRNA and
primary feeding content of siRNA, which are used in the
preparation of ChiNP/siRNA/CMD were determined at the
wavelength of 260 nm by spectrophotometry (Scinco, Seoul,
Korea). Furthermore, the optical densities (OD) of the col-
lected supernatant from unloaded ChiNP were used as a
blank. According to this method, loading efficiency of DOX
was calculated in the ChiNP/DOX/CMD solution through cen-
trifugation (12,000g, 20min) and OD absorbance of DOX at
480 nm.

SiRNA loading efficiency %ð Þ :

1 �
OD siRNA in the supernatant=

OD initial feeding amount of siRNA

0
@

1
A

2
4

3
5� 100

DOX loading efficiency %ð Þ :

1 �
OD DOX in the supernatant=

OD initial total content of DOX

0
@

1
A

2
4

3
5� 100

Serum and heparin stability of siRNA encapsulated in
ChiNP

To determine the stability of loaded siRNA against serum,
300 ll ChiNP/siRNA/CMD were incubated with 300 ll fetal
bovine serum (FBS) (Gibco, New York, NY) at 37 �C. At differ-
ent time points (4, 8, 12, 24, 36, 48 and 72 h), 40 ll of the
incubated mixture was removed and stored at –20 �C as long
as electrophoresis was performed (30min, 110 V) on all sam-
ples. To determine stability of ChiNP encapsulated siRNA
against heparin, various volumes (0, 0.6, 1.5 and 3ll) of hep-
arin (2lg/ml) were incubated with 60 ll ChiNP/siRNA/CMD at
37 �C for 1 h, and then all samples were electrophoresed.
Naked siRNA was considered as a control in both
experiments.
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In vitro IGF-1R siRNA and DOX releasing assay

To evaluate the percentage of the released siRNA, ChiNP/
siRNA/CMD was dissolved in 4ml phosphate-buffered saline
(PBS, pH 5.5 and 7.4) and then dialysis (cut-off 12 kDa, Sigma
Aldrich) was performed against PBS (50ml, pH 5.5 and 7.4) in
a shaker incubator (37 �C, 100 rpm) for 120 h. At each prede-
termined time (1, 3, 6, 12, 24, 48, 72, 96 and 120 h), 2ml of
PBS inside the container was taken out and replaced with
fresh PBS. Subsequently siRNA released content was assessed
by UV-Vis spectrometry (U.V-1601; Shimadzu, Kyoto, Japan) at
260 nm wavelength. Moreover, releasing of DOX was meas-
ured according to this method in ChiNP/DOX/CMD at 480 nm
wavelength.

Released IGF� 1R siRNA %ð Þ :
OD of IGF� 1R siRNA in PBS=

initial total content of IGF� 1R siRNA

0
@

1
A

2
4

3
5 � 100

Released DOX %ð Þ :
OD of DOX in the PBS=initial total content of DOXð Þ½ � � 100

Cell line and culture

The A549 NSCLC cell line with overexpression of IGF-1R was
obtained from the National Cell Bank of Iran (NCBI, Tehran,
Iran). Cells were cultured in RPMI-1640 medium (Gibco, New
York, NY) enriched with 10% FBS (Gibco, New York, NY), and
antibiotics (streptomycin 100 ng/ml and penicillin 100U/ml)
at 37 �C in a humidified 5% CO2 atmosphere.

MTT assay

Cells viability were assayed by measuring blue formazan pro-
duced only in live cells and metabolized from 3–(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) by
mitochondrial dehydrogenase. One day before treatment,
15� 103 cells/well were seeded in 96-well transparent flat bot-
tom plates (Nunc, Roskilde, Denmark). The cells were incu-
bated for 24 and 48 h with pharmaceutics groups including
ChiNP, ChiNP/siRNA/DOX/CMD, ChiNP/siRNA/CMD, ChiNP/
DOX/CMD and free DOX (with various concentrations of DOX
20, 10, 5, 2.5 and 1.25lg/ml and 100 nM siRNA in each well)
and naked IGF-1R siRNA as controls. The supernatant of the
wells were removed and 200ll of MTT solution (5mg/ml) was
added to each well and incubated for 4 h at 37 �C in 5% CO2,
then insoluble formazan crystals were dissolved in 100 ll of
DMSO and read at 492 nm versus 690 nm reference wave-
length by ELISA reader (Stat Fax 2100, Awareness Technology,
Palm City, FL). All experiments were performed in triplicate.

Apoptosis assay

The percentages of cells undergoing apoptosis were assayed
by Annexin V-FITC and PI (BD Pharmingen, San Diego, CA).
A549 cells (200� 103 cell/well) were seeded in 6-well plates
and incubated with ChiNPs containing equivalent concentra-
tion of DOX IC50 (7.8 lg/ml) in various groups of ChiNP/

siRNA/DOX/CMD, ChiNP/siRNA/CMD, ChiNP/DOX/CMD, free
DOX for 24 h. Then, the cells were washed twice with PBS
and resuspended in binding buffer. Five micro litres of
Annexin V-FITC was added to the cells and then incubated
for 15min at room temperature in the dark. Finally, apoptotic
cells were analysed by flow cytometry (Becton-Dickenson,
Mountain View, CA, USA) and FlowJo software.

Cell migration and invasion

Scratch wound-healing method was applied to investigate
migration and invasion capacity of A549 cells. A549 cells
(200� 103 cells/well) were seeded in 6-well plates and incu-
bated for 24 h to become monolayer. A uniform scratch at
the centre of each well was created by sterile micropipette
tips. Then, cells were treated with pharmaceutics groups,
ChiNP/siRNA/DOX/CMD, ChiNP/siRNA/CMD, and ChiNP/DOX/
CMD, free DOX, naked IGF-1 R siRNA and blank ChiNP against
untreated cells (control). Plates were visualized under �10
magnification and photographs were taken of each well by
inverted microscopes immediately after wounding and 12, 24
and 36 h after wounding.

RNA extraction and real-time PCR
The cells were treated with ChiNPs containing equivalent
concentration of DOX IC50 (7.8 lg) in different groups for 24
and 48 h. Total mRNA was extracted using the TRIzol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Complementary DNA (cDNA) was synthesized
using reverse transcriptase kit (TaKaRa Dalian Biotechnology
Co., Ltd. Dalian, China). To investigate gene expression level,
the RT-PCR technique by multi-color Real-time PCR detection
system (Roche light cycler 96, Penzberg, Germany) and SYBR
Premix Ex Taq TM II (TaKaRa Dalian Biotechnology Co., Ltd.
Dalian, China) against b-actin as a housekeeping gene
(Bioneer, Cheongwon, Korea) were used. The PCR reaction
condition was done in 45 cycles, denaturation at 95 �C for
10 s, extension at 72 �C for 30 s, annealing at 59, 57 and 62 �C
for 15 s using specific primers for MMP9, VEGF and STST3,
respectively. Gene expression levels were normalized com-
pared to b-actin at each corresponding sample. The sequen-
ces of PCR primers are presented as following: b-actin:
forward 5'-AAGTTTATCTGTGTGCACCAACGA-3' and reverse 5'-
CTTCACATTATTTCCAAACTGCAT-3', matrix metalloproteinase 9
(MMP-9): forward 5'-GGTTCTTCTGCGCTACTGCTG-3' and
reverse 5'- GTCGTAGGG CTGCTGGAAGG-3', signal transducer
and activator of transcription 3 (STAT3): forward 5'-
AAGTTTATCTGTGTGCA CCAACG-3' and reverse 5'-
CTTCACCATTATTTCCAAACTGC-3', vascular endothelial growth
factor (VEGF): forward 5'-TT GCTTGCCATTCCCCACTT-3' and
reverse 5'-CCGAAGGCAGAACAGCCCAC-3'.

Statistical analysis

All data and results were statically analysed by Graph pad
Prism v6.07 (Graph Pad Software, CA, USA). Non-parametric
one-way ANOVA test were applied for different group’s ana-
lysis. Value with p< .05 was considered as significant level.
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Result

Characteristics of nanoparticles

Dynamic light scattering was used to measure features of the
generated ChiNP (140 kDa) including size, PDI and zeta
potential. The results showed that in all groups containing
ChiNP, PDI did not change, but size and zeta potential of
ChiNP partially changed after the loading of CMD, IGF-1R
siRNA and DOX (Table 1). In addition, SEM-based surface
morphology analysis of ChiNP loaded with CMD, siRNA and
DOX showed multifaceted surface with an irregular shape of
ChiNP (Figure 1).

FTIR was used to approve appropriate conjugation of
CMD, DOX with Chi using the specific wavelength of the
carboxyl group in CMD (1731 cm�1), C–C linkage in DOX
(1207 and 132 cm�1) and amino group in ChiNP (1562 and
1113 cm�1). Overlapping in wavelengths of ChiNP/DOX/CMD
(amino group of Chi with 1110 cm�1, C–C linkage of DOX
with 1302 cm�1 and carboxyl group of CMD with 1705 cm�1)
indicated that the conjugation was accurately produced
(Figure 2).

In the next step, IGF-1R siRNA loading capacity of ChiNP
was detected using electrophoresis on a 2% agarose gel
compared with a naked IGF-1R siRNA as control. Our results
determined that siRNA was efficiently loaded on ChiNP
(140 kDa) at 25, 50 and 100 nM of IGF-1R siRNA (Figure 3).
Furthermore, the siRNA encapsulation efficiency of ChiNP
was measured through detection of the free siRNA absorb-
ance in the ChiNP/siRNA/CMD solution by UV spectrometry
and compared with the initial amount of siRNA (100 nM
equal to 5ll whit 10 lM/500ll concentration) in this solu-
tion. Generated ChiNP with 140 kDa MW have 86% capacity
for siRNA encapsulation. Moreover, encapsulation rate of
DOX was 75%.

Serum and heparin stability of siRNA encapsulated in
ChiNP

The siRNA-loaded ChiNP in serum was stable for 24 h
(Figure 4(A)). However, siRNA was partially released from
ChiNP after 36 h (Figure 4(A)). Comparison of siRNA band
intensities showed that at 72 h time point, siRNA was com-
pletely released from ChiNP (Figure 4(A)). Although in serum
environment encapsulated siRNA was released, heparin had
no effect on the release of siRNA from ChiNP (Figure 4(B)).

IGF-1R siRNA and DOX release rate was higher at low
pH condition

Release curves of DOX and IGF-1R siRNA at 37 �C and differ-
ent pH (7.4 and 5.5) are presented as Figure 5. Our findings
showed that siRNA and DOX release at higher rate at pH 5.5
compared to pH 7.4. IGF-1R siRNA release reached to 50% at
24 and 48 h at pH 5.5 and 7.4, respectively (Figure 5(A)).
This releasing process continued until 96 h and reached the

Figure 1. SEM image of ChiNP/siRNA/DOX/CMD.

Figure 2. The FTIR spectrum of ChiNP/DOX/CMD (A), DOX (B), ChiNP/CMD (C)
and CMD (D).

Table 1. Physical characteristics of ChiNPs with different pharmaceutical
groups.

Pharmaceutical groups Size (nm) Zeta potential (mV) PDI

ChiNP/siRNA/DOX/CMD 176 ± 6 11.2 ± 0.2 0.3
ChiNP/siRNA/CMD 155 ± 2 11.3 ± 0.5 0.2
ChiNP/DOX/CMD 131 ± 5 12.6 ± 0.3 0.2
ChiNP/CMD 113 ± 5 12.8 ± 0.3 0.2

nm: nanometer; mv: millivolt.

Figure 3. SiRNA loading capacity of ChiNP (140 kDa) with various IGF-1 R siRNA
concentrations. Naked siRNA as control (CTRL), lane 1: 25 nM, lane 2: 50 nM and
lane 3:100 nM.
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stationary phase. DOX release curve showed that DOX release
reached to 50% at 24 h and 72 h at pH 5.5 and 7.4, respect-
ively (Figure 5(B)). DOX release rate was slower at physiologic
pH (7.4) compared to siRNA (Figure 5).

ChiNPs containing siRNA and DOX enhanced cytotoxicity
and apoptosis in A549 cell line

To finding out whether ChiNP containing siRNA and DOX can
enhance the cytotoxicity compared with free DOX as well as
ChiNP containing siRNA or DOX alone, A549 human lung can-
cer cell line was treated with different concentrations of vari-
ous ChiNPs for 24 and 48 h. It was revealed that Chi/siRNA/
DOX/CMD at concentrations of 20, 10 and 5 lg/ml signifi-
cantly decreased cell viability in a time- and dose-dependent

manner (p< .05) (Figure 6). Moreover, compared with free
DOX, ChiNP/DOX significantly enhanced drug cytotoxicity on
A549 cells. In this regard, half maximal inhibitory concentra-
tion (IC50) of ChiNP/DOX was significantly lower than free
DOX (p< .05) which implied on the potential application of
ChiNP as a carrier in anticancer drugs delivery. It should be
noted that there was no significant change on viability of
cells treated with blank nanoparticles after 48 h (Figure 6(B)).

Effects of ChiNP/siRNA/DOX/CMD, ChiNP/DOX/CMD,
ChiNP/siRNA/CMD and free DOX on the apoptosis of A549

Figure 4. The stability analysis of siRNA-loaded ChiNPs in serum and heparin challenges. (A) The stability of siRNA-loaded ChiNP/CMD against FBS after 72 h incuba-
tion. Naked siRNA was considered as control (CTRL). (B) The stability of siRNA-loaded ChiNP/CMD against different volumes of heparin (2 lg/mL) after 1 h incubation.
Naked siRNA was considered as positive control (CTRL).

Figure 5. IGF-1R siRNA and DOX releasing assay at different time and pH condi-
tions. (A) IGF-1R siRNA release curve of ChiNP/siRNA/CMD in PBS with pH 5.5
and 7.4. (B) DOX release curve of ChiNP/DOX/CMD in PBS with pH 5.5 and 7.4.

Figure 6. Combination of IGF-1R siRNA and DOX synergistically improved cyto-
toxicity in A549 human lung cancer cell line in a dose and time-dependent man-
ner at 24 h (A) and 48 h (B). CTRL represents no treated cell control. Data shown
as means ± SD of three independent experiments.
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cells were measured by flow cytometry (Figure 7). Compared
to controls, ChiNP/siRNA/DOX/CMD significantly induced
apoptosis in 45% of treated cells after 24 h (p< .001)
(Figure 8). Furthermore, ChiNP/siRNA/CMD and ChiNP/DOX/
CMD induced apoptosis (20%) lower than combinational for-
mula of ChiNP/siRNA/DOX/CMD (45%) in treated cells. DOX
and siRNA encapsulation in ChiNP was more efficient in trig-
gering apoptosis pathways compared to free DOX (Figure 8).
Untreated cells and the blank nanoparticles have no signifi-
cant effects on the apoptosis rate.

Combination of DOX and IGF-1R siRNA synergistically
inhibited migration and invasion of A549 cells

Because cell motility is an important factor in metastasis and
invasion of tumor cells, the effect of DOX and IGF-1R siRNA
on A549 cells migration was studied by wound healing assay,
which measures the capability of cells to fill a wounded area.
Photographic results showed that untreated cells were highly
mobile and fill wounded area thoroughly after 36 h, whereas
following ChiNP/siRNA/DOX/CMD treatment, migration into
the wounded area was significantly decreased (p< .01)
(Figure 9). Free DOX alone weakly inhibited the migration of
A549 cells compared with ChiNP/DOX/CMD. These results
indicated that co-delivery of IGF-1R siRNA and DOX had

greater effects on migration and invasion than DOX alone
(Figure 9).

Co-delivery of DOX and IGF-1R siRNA down-regulated
MMP-9, VEGF and STAT3 expression levels in A549 cells

Previous studies have indicated that IGF-1R signalling induces
overexpression and activation of invasion-related genes
including MMP-9 and VEGF [28,29]. ChiNPs effects on MMP-9
and VEGF transcripts expression in A549 cells were analysed
by quantitative RT-PCR. Our results showed that MMP-9 and
VEGF mRNA expression levels were significantly down-regu-
lated in cells treated with ChiNP/siRNA/DOX/CMD compared
to untreated control cells (Figure 10(A) and (B)). Similar but
less dramatic results were observed in the cells treated with
ChiNP/siRNA/CMD group. Moreover, Chi/DOX or free DOX
was not able to decrease MMP-9 and VEGF gene expression
(Figure 10(A) and (B)).

Moreover, STAT3 is one of the downstream adaptors of
IGF-1R signalling pathway, which is associated with cellular
angiogenesis and invasion. In order to better understand the
effect of IGF-1R-specific siRNA on this signalling pathway, the
total STAT3 mRNA levels in different treatment groups was
investigated. Our results revealed that co-delivery of IGF-1R
siRNA and DOX led to significant decrease of STAT3 mRNA

Figure 7. Flow cytometry of A549 cells using Annexin V–FITC, (A) no treatment, (B) treatment with Chi/CMD, (C) free DOX, (D) Chi/siRNA/CMD, (E) Chi/DOX/CMD
and (F) Chi/siRNA/DOX/CMD.
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expression compared with the other groups (Figure 10(C)). It
has to be noted that the blank nanoparticles had no signifi-
cant effect on gene expression profiles and these findings
indicated that silencing efficiency of siRNA was augmented
using ChiNP delivery compared to naked siRNA.

Discussion

The insulin-like growth factor-1 receptor (IGF-1R) is composed
of two a subunits that bind to IGFs ligands and two intracel-
lular b subunits with the tyrosine kinase activity [30]. IGF-1R
signalling is a complex pathway because activated receptor
requite different adapter proteins and start a wide network of
signalling pathways in cells such as two major cellular cas-
cade, the RAS/RAF/MEK/MAPK and the PI3K/AKT/mTOR that
mediate multiple mechanisms and implicate in numerous fea-
tures in malignancy including tumor cell growth, resistance

to apoptosis, angiogenesis also degradation of the extracellu-
lar matrix, and promote tumor migration and invasion [22]. In
addition, activation of IGF-1R is one of the mechanisms of
resistance to anti-epidermal growth factor receptor (EGFR)
therapy in several type of tumor including lung cancer [31].
Numerous studies demonstrated that role of IGF-1R signalling
in initiation and progression of lung cancer and has been
reported that down-regulation of IGF-IR inhibits cell prolifer-
ation and increase response to chemotherapy and radiother-
apy [32–34]. These data suggested that IGF-1R is attractive
therapeutic targets for NSCLC. On the basis of inhibition of
IGF-1R, several therapeutic approaches including antibodies
against IGF-IR, small-molecule inhibitors or siRNA used in dif-
ferent cancer cell line. In the current decade, because of the
features of siRNA such as stability, versatility and specific gen
silencing enhanced the potential for cancer treatment
[35–37]. On the other hand, targeted delivery of drugs or
siRNA can increase the selective death of cancer cells.

In this study, we investigated combinational effects of
encapsulated DOX and IGF-1R-specific siRNA by ChiNPs on
A549 human lung cancer cell line. Due to the characteristics
of ChiNP, loading CMD, siRNA and DOX can effect on the par-
ticles’ size and PDI so that ChiNP/siRNA/DOX/CMD had the
largest size (176 nm) and PDI (0.3). ChiNP/CMD had smallest
size (113 nm) among the other ChiNP groups (Table 1). PH-
dependent nanoparticles such as ChiNPs are suitable drug
carriers in cancer therapy. Because hypoxia and low number
of vessels, high concentrations of lactic acid and carbonic
acid result acidic pH in tumour microenvironment. DOX and
siRNA release assay revealed that delivery of drug or siRNA at
pH 5.5 was more efficient, which could increase drug and
siRNA concentrations in the tumuor microenvironment com-
pared to physiologic condition at pH 7.4 (Figure 5). Likewise,
our results showed that loaded ChiNP with acceptable high
IGF-1R, siRNA loading capacity was stable against serum and
heparin (Figure 4).

It was also investigated whether DOX delivery by ChiNP
increase drug concentration and cytotoxic effects on the

Figure 8. The effects of nanoparticles delivery of IGF-1R siRNA and DOX on
apoptosis of A549 human non-small cell lung cancer cell. CTRL represents no
treated cell control. Data shown as means ± SD of three independent
experiments.

Figure 9. Impact of ChiNP/siRNA/DOX and free DOX on human non-small lung cancer A549 cells migration in wound-healing assay. Data shown as means ± SD of
three independent experiments.
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cancer cell line. Interestingly, our result clearly indicated that
growth inhibition significantly increased using ChiNP/DOX in
comparison to free DOX (Figure 6). According to previous
reports, expression and activation of IGF-1R is essential for
NSCLC proliferation and consequently IGF-1R inhibition by
RNA interference has been reported to contribute to the can-
cer cell growth suppression [38]. Therefore, we persuaded to
determine whether co-delivery of siRNA and DOX may
decrease in vitro viability of cells. Our findings showed that
A549 cells treated with ChiNP/DOX/siRNA/CMD had signifi-
cant differences in cell death compared to free DOX and also
IGF-1R siRNA (Figures 6 and 8). In addition, siRNA inhibitory
effects on cell growth time-dependently increased after 48 h
(Figure 6(B)). It seems that capacity of nanoparticles in simul-
taneous delivery of several agents can open new insight to
combinational and targeted therapies in cancer.

Various studies demonstrated that IGF-1R directly induces
invasion and metastasis via MMPs, and the PI3K/AKT and
RAS/ERK signalling pathways that are essential in MMP-9
expression regulation [39]. Thus, in the next step, we focused
on whether the IGF-1R downstream signalling pathway is
affected by specific siRNA. Our results showed that IGF-1R
siRNA decreased MMP-9 expression in ChiNP groups contain-
ing siRNA/CMD in contrast with free DOX and ChiNP/DOX/
CMD (Figure 10(A)). In addition, in groups containing ChiNP/
DOX/siRNA/CMD, MMP-9 expression was significantly down-
regulated because of the synergic effect of siRNA and DOX

on gene expression. Compatible with these findings, ChiNP/
DOX/siRNA/CMD strongly inhibited invasion and metastasis of
A549 cell line than the other groups (Figure 9). Moreover,
IGF-1R signalling is linked to angiogenesis through VEGF
regulation in various tumours. IGF-1R activation recruits
STAT3 independent of IRS1/2, constitutively activated STAT3
increases hypoxia-inducible factor 1a (HIF1a) expression.
Under hypoxic conditions, HIF-1a is expressed and
induces VEGF, which is essential in angiogenesis and tumour
metastasis [29,40,41]. The effects of IGF-1R down-regulation
by specific siRNA with or without DOX were studied on
STAT3 and VEGF expression levels. According to our results,
IGF-1R down-regulation by ChiNP/siRNA/DOX/CMD and
ChiNP/siRNA/CMD could lead to a significant decrease
in the STAT3 and VEGF expression in the A549 cell line
(Figure 10(B) and (C)).

Conclusions

In conclusion, ChiNPs as a dual agent carrier shows great
promise for the efficient drug delivery to tumour cells. Our
findings indicated that IGF-1R siRNA/DOX co-delivery system
can be considered as an effective and potential approach in
combinational targeted therapy of lung cancer that may be
useful in preventing the metastatic spread and treatment of
lung cancer. Finally, further researches especially in vivo ani-
mal models need to investigate the potential application of

Figure 10. MMP-9, VEGF and STAT3 genes expression profiles in A549 human non-small cell lung cancer cell line treated with ChiNP with different pharmaceutical
groups. (A) MMP-9; (B) VEGF; and (C) STAT3 gene expression alterations. Data shown as means ± SD of three independent experiments.
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the presented ChiNPs containing siRNA and DOX in combin-
ational therapy approaches.
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