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Abstract

Background: Apoptosis is a crucial process in the failure of cancer progression. However, the occurrence of resistance to
chemotherapy in cancer cells may prevent apoptosis via induction of the expression of the anti-apoptotic genes (Bcl-2) and/or re-
duction of the expression of the apoptotic caspases.
Objectives: The current study aimed at investigating the apoptotic effects of targeted co-delivery of docetaxel and cMet siRNA
(siMet) through mucin1 aptamer-conjugated chitosan nanoparticles on mucin1 + metastatic breast cancer cells (SKBR3).
Methods: Characterization of nano-drugs, Western blotting assay, annexin V/ propidium iodide staining assay, and gene expression
studies were evaluated based on metastatic breast cancer cells.
Results: Characterization showed the appropriate size (110.5 ± 3.9 nm), zeta potential (11.6 ± 0.8 mV), and spherical shape of
nanoparticles. Loading efficiency of 90.7% and 88.3% were gained for siRNA and docetaxel, respectively. The siRNA entrapment
onto nanoparticles and conjugation of aptamers to nanoparticles were confirmed by gel electrophoresis. Gene knockdown assay
represented the effectiveness of siMet on cMet gene silencing. According to the flow cytometry results, targeted co-delivery was suc-
cessful in leading tumor cells to apoptosis (94.9%). Also, targeted co-delivery could reduce the expression of Bcl-2 gene (P < 0.0001)
and increase the expression of caspase-8 and caspase-9 genes (P < 0.0001).
Conclusions: Combination treatment of metastatic breast cancer cells with aptamer-conjugated nanoparticles containing doc-
etaxel and cMet siRNA significantly increased apoptosis.
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1. Background

Apoptosis, the programmed cell death, is one of the vi-
tal pillars of combating metastatic breast cancer. Reduced
apoptosis or escaping of the tumor cells from apoptosis
causes cancer progression (1) and may lead to metastasis
(2). Apoptosis is classified into two extrinsic and intrin-
sic pathways. The interaction of distinct transmembrane
receptors with their ligands activates extrinsic pathway,
which leads to activation of caspase-8 (Cas-8). The Bcl-2 pro-

tein family is responsible for the initiation of the intrin-
sic pathway that causes the formation of apoptosome com-
plex and ultimately the activation of caspase-9 (Cas-9) en-
zyme (3). The c-Met, the tyrosine kinase receptor, and its
ligand hepatocyte growth factor (HGF) are the crucial pro-
teins for the growth of epithelial cells (4). The overexpres-
sion of c-Met is related to resistance to apoptosis in various
cancer cells. Also, downregulation of c-Met potentiates dif-
ferent aspects of apoptotic pathways such as Fas-mediated
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apoptosis or Bcl-2 downregulation (5-7).
Docetaxel (DTX), one of the taxanes in standard treat-

ment of breast cancer, acts through inhibition of micro-
tubular depolymerization. Also, DTX induces apoptosis
via the mechanisms such as increasing TNF-α produc-
tion in tumor cells (8) and resistance to DTX leads to de-
creased apoptosis of breast cancer cells (9). In addition to
chemotherapy, application of gene silencing tools such as
short-interfering RNA (siRNA) is an interesting field of re-
search. One of the procedures to increase delivery of neg-
atively charged, fast degradable siRNA to the cancer cells
is the utilization of positively charged, biocompatible, and
non-immunogenic chitosan nanoparticles (NPs) (10). In
order to design a targeted delivery system, aptamer (APT)
molecules are introduced. APTs are the synthetic, safe, non-
immunogenic, and specific oligonucleotides bind to their
target with high affinity (11). Mucin1 is one of the tumor-
associated antigens that is aberrantly overexpressed in
breast cancer cells and, therefore, can be a desired target
for APT (12).

2. Objectives

The current study designed a novel delivery system of
mucin1 APT-conjugated chitosan NPs containing DTX and
c-Met siRNA (siMet). The apoptotic effects of this system
were evaluated on mucin1 + metastatic breast cancer cells
(SKBR3) by annexin V-FITC /propidium iodide (PI) apopto-
sis assay. Also, the expression of the important genes (Bcl-2,
Cas-8, and Cas-9) involved in extrinsic or intrinsic pathways
of apoptosis was assessed.

3. Methods

3.1. Materials

The SKBR3 was supplied by the National Cell Bank of
Iran (Pasteur Institute of Iran). The Roswell Park Memorial
Institute (RPMI) 1640 medium, fetal bovine serum (FBS),
trypsin, and penicillin-streptomycin were obtained from
Gibco (USA). The 50-kDa depolymerized chitosan (CS)
was a gift from Prof. Fatemeh Atyabi (Nanotechnology
Research Centre, Tehran University of Medical Sciences).
Carboxymethyl dextran (CMD), N-hydroxysuccinimide
(NHS), 1-ethyl-3-(3-dimethylaminopropyl), and carbodi-
imide (EDC) were purchased from Merck (Germany).
Human-specific cMET-siRNA (Catalog number: sc-29397)
and the non-specific siRNA (Catalog number: sc-37007)
were supplied by Santa Cruz Biotechnology (USA). DTX
was purchsed from AqVida (Germany). The APT with the
sequence of 5’ -amino-C6-GGG AGA CAA GAA TAA ACG CTC
AAG AAG TGA AAA TGA CAG AAC ACA ACA TTC GAC AGG AGG
CTC ACA ACA GGC- 3’ was synthesized by TAG Copenhagen

(Denmark). RNA extraction solution (RNX-Plus®) was
purchased from SinaClon (Iran). RIPA lysis buffer system,
cMET primary antibody, and horseradish-conjugated
anti-IgG secondary antibody were supplied by Santa Cruz
Biotechnology (USA). The protein assay kit was supplied
by Razibiotech (Iran). Electrochemiluminescent substrate
was obtained from Thermo Fisher Scientific (USA). FITC
Annexin V Apoptosis Detection Kit I was purchased from
BD Biosciences (USA).

3.2. Pharmaceutical Characterizations

3.2.1. Preparation of Pharmaceutical Compound

Loaded nanoparticles (NPs) were prepared by dissolv-
ing CS (0.1% w/v) in diethylpyrocarbonate (DEPC)-treated
water with a magnetic stirrer for two hours. Then the siMet
(57 µg/3µL) and DTX (0.25 µg/5µL) were slowly added to 1.2
mL of CMD (0.1% w/v) solution. Thereafter, the prepared
mixture was dropwisely added into 1 mL of CS solution and
incubated for 30 minutes at 25ºC. Mucin1 APT was conju-
gated to NPs according to the previously described method
(13).

3.2.2. Physicochemical Characteristics of Nanoparticles

The particle size, zeta potential, and polydispersity
index (PDI) were assessed with Photon Correlation Spec-
troscopy using Zetasizer Nano-ZS (Malvern Instruments
Ltd, Malvern, Worcestershire, UK) at the wavelength of
633 nm. Transmission electron microscope (TEM, LE-O906
Zeiss®, Oberkochen, Germany) was used to evaluate the
morphological properties of freshly prepared nanoparti-
cles.

3.2.3. Loading Efficiency

The loading efficiency (LE) of DTX and siMet was eval-
uated with UV-vis spectrophotometer (Nanodrop® 2000,
Thermo Scientific, Worcester, MA, USA). DTX-loaded NPs
were centrifuged at 14,000 rpm for 30 minutes and the op-
tical density (OD) of the free concentrated DTX in the super-
natant was read in triplicate at 230 nm. Also, the OD of free
siMet was read in triplicate at 260 nm after centrifugation
of siMet-loaded NPs at 11,000 rpm for 20 minutes. The OD of
the supernatant regained from unloaded NPs was read as
the blank. The following equation represents the LE% cal-
culation:

LE (%) = [1 - (OD of free DTX or siRNA in supernatant/OD
of initial feeding amount of sample)] × 100

3.2.4. Electrophoresis for siRNA Entrapment onto NPs and Con-
firmation of APT-NPs Conjugation

The electrophoresis in Tris-acetate-
ethylenediaminetetraacetic acid (TAE buffer, 1M) solution
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on a 2% agarose gel was run with siMet-loaded NPs, con-
trol NPs, and naked siMet to confirm siRNA entrapment
onto NPs. Also, another electrophoresis was run to con-
firm APT conjugation to NPs with three pharmaceutical
groups including intact APT, the unpurified, and purified
conjugates of NPs + APT.

3.3. Protein Extraction and Western Blotting

The SKBR3 cells were seeded (5 × 106 cell/flask) and
treated with NPs + siMet for 48 hours. The RIPA lysis buffer
system (Santa Cruz, USA) was used to extract the protein.
The concentration of extracted proteins was determined
by the Bradford method (Protein Assay Kit, Razibiotech,
Iran) and the extractions were all stored at -80ºC. Then
the electrophoresis on 8% SDS-PAGE (sodium dodecyl sul-
fate polyacrylamide gel electrophoresis) gel and the wet
transfer system (Bio Rad, USA) were run for the transfer-
ence of proteins onto PVDF (polyvinylidene fluoride or
polyvinylidene difluoride) membrane and the membrane
was blocked by TBST (Tris-buffered saline with Tween 20)
buffer containing 3% BSA (bovine serum albumin) and in-
cubated overnight at 4ºC. Thereafter, the 1:500 dilution of
c-Met primary antibody (Santa Cruz, USA) was added and
incubated at room temperature for one hour. The mem-
brane was washed with TBST buffer in triplicate. The 1:2000
dilution of horseradish-conjugated anti-IgG secondary an-
tibody (Santa Cruz, USA) was added at room temperature
for two hours. The monoclonal beta-actin primary anti-
body (Santa Cruz, USA) at a dilution of 1:500 was used as
the control. The created bands were detected by SuperSig-
nal West Pico Chemiluminescent Substrate (Thermo Fisher
scientific, USA).

3.4. Annexin V/PI Staining Assay

In order to detect apoptosis, the SKBR3 cells were
seeded (5 × 105 cell/well) and treated with different phar-
maceutical groups. Then the medium of each well was
dried and stored. The cells were rinsed with PBS and the
washing contents were stored. The pre-warmed 0.05%
trypsin: EDTA solution was added to cover the cells; then
the content was incubated for five minutes at 37ºC and ob-
served under a microscope for releasing. Then 10% FBS con-
taining medium was added to the detached cells. Finally,
the apoptosis assay was performed according to the man-
ufacturer’s instructions (FITC Annexin V Apoptosis Detec-
tion Kit I, BD Pharmingen, USA).

3.5. RNA Extraction, cDNA Synthesis, and Quantitative Real-
Time PCR

SKBR3 cells (5× 105 cell/well) were cultured and treated
for 24 and 48 hours. Subsequently, the RNA content was ex-
tracted using RNX-Plus® solution according to the manu-

facturer’s instructions. Then the UV-vis spectrophotome-
ter (Nanodrop®) was used to detect the concentration of
RNA samples at 260 nm. The high-quality samples were
stored at -70ºC for future studies. Continuously, RNA sam-
ples were converted to complementary DNA (cDNA) as fol-
lows: 5 ng/µL of total RNA was mixed with 1 µL of ran-
dom hexamer, 1 µL of oligo dT, 2 µL of dNTP mixture, 4
µL of 5X RT (reverse transcript) buffer and 0.5 µL of re-
verse transcriptase. The PCR primers of the desired and
the housekeeping gene (GAPDH) were designed by OLIGO 7
primer analysis software (Table 1). Afterwards, the qRT-PCR
was performed using SYBR Green Real-time PCR master mix
(Ampliqon®, Denmark) in the total volume of 10 µL on the
Roche LightCycler® 96 System set on denaturation at 94ºC
for 10 minutes, 45 cycles of 10 seconds at 94ºC for amplifi-
cation, 30 seconds for annealing and 10 seconds for exten-
sion at 72ºC. Finally, the melting curves were analyzed and
the relative mRNA level was obtained by 2-∆∆Ct method.

Table 1. Sequences of Primers

Primer Forward Sequence Reverse Sequence

GAPDH CAAGATCATCAGCAATGCCTCC GCCATCACGCCACAGTTTCC

Bcl-2 CATCAGGAAGGCTAGAGTTACC CAGACATTCGGAGACCACAC

Cas-8 ACCTTGTGTCTGAGCTGGTCT GCCCACTGGTATTCCTCAGGC

Cas-9 GCAGGCTCTGGATCTCGGC GCTGCTTGCCTGTTAGTTCGC

3.6. Statistics

GraphPad Prism 6.0 was used for statistical analysis.
The results were analyzed by ANOVA and Tukey post hoc
test as necessity. The results were expressed as mean ±
standard deviation (SD) in the body and tables. The level
of significance was considered less than 0.05.

4. Results

4.1. Pharmaceutical Characterizations

Table 2 represents the physicochemical properties of
the desired pharmaceutical groups. As shown in Figure 1,
the TEM imaging confirmed the smooth spherical NPs con-
taining DTX and siRNA. The calculated loading efficiency
was 90.7% for NPs + siMet and 88.3% for NPs + DTX. The elec-
trophoresis of siRNA-loaded NPs confirmed the complete
entrapment of siRNA onto the NPs (Figure 2). Confirmation
of the high-yield APT-conjugated NPs is shown in Figure 3
by the distinct band of intact APT and the indistinguish-
able bands for unpurified and purified conjugations of NPs
+ APT. Also, the lack of band formation for the mentioned
groups confirmed the perfect conjugation of APT to NPs.
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Table 2. Mean Diameter, Zeta Potential, and PDI

Nano-Drug
Characteristic

Mean Diameter,
nm

Zeta Potential, mV PDI

dCS + DTX + siRNA 102.3 ± 6.7 13.2 ± 0.3 0.227

dCS + APT + DTX +
siRNA

110.5 ± 3.9 11.6 ± 0.8 0.292

Figure 1. Morphologic characteristics of NPs + DTX + siMet

Figure 2. Electrophoresis of siRNA-loaded NPs; A) naked siRNA, B) NPs + siRNA (28.5
µg), C) NPs + siRNA (57 µg), D) NPs + siRNA (85.5 µg), and E) intact NPs

4.2. Protein Expression Assay

The Western blot assay was performed to confirm the
c-Met gene silencing by siMet. As represented in Figure
4, overexpression of c-Met protein was obvious in intact
SKBR3 cells. Also, the expression of c-Met protein was si-
lenced in the cells treated with NPs + siMet for 48 hours.

Figure 3. Confirmation of aptamer conjugation; A) intact Mucin1 APT, B) unpurified
NPs + APT, and C) purified NPs + APT

Figure 4. Protein expression assay; A) expression of cMET protein in SKBR3 cells, B)
knock-downing of cMET protein via siRNA in SKBR3 cells, and C) expression of β-
actin protein in SKBR3 cells

4.3. Flow Cytometry

In order to evaluate apoptotic effects of different phar-
maceutical groups on SKBR3 cells, annexin V-FITC/PI stain-
ing assay was performed. According to Figure 5, the cells
were divided into four types based on the results of stain-
ing as follows: (1) viable cells [annexin V (-) and PI (-)]; (2)
early apoptotic cells [annexin V (+) and PI (-)]; (3) late apop-
totic cells [annexin V (+) and PI (+)], and (4) necrotic cells
[annexin V (-) and PI (+)]. All pharmaceutical groups signif-
icantly decreased (P < 0.0001) viable cells (%) as compared
with the control group (99.5%). The majority of the cells
in all treated groups were in apoptosis phase (early and
late) as follows: NPs + siMet (57.9%), NPs + DTX (71.1%), NPs
+ siMet + DTX (80.2%), NPs + APT + siMet (87%), NPs + APT
+ DTX (90.4%), and NPs + APT + siMet + DTX (94.9%). Also,
all pharmaceutical groups containing APT vs. correspond-
ing APT-lacking ones significantly caused late apoptosis in
SKBR3 cells (P < 0.0001).

4.4. Gene Expression Assay

In order to evaluate the effect of different pharmaceuti-
cal groups on the expression of the genes involved in apop-
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Figure 5. Annexin V-FITC/PI staining assay; A) control cells, B) NPs + siMet, C) NPs + DTX, D) NPs + siMet + DTX, E) NPs + APT + siMet, F) NPs + APT + DTX, and G) NPs + APT + siMet
+ DTX

tosis (Bcl-2, Cas-8, and Cas-9), the qRT-PCR assay was per-
formed and the results are represented in Figure 6. Also,
the detailed results of the comparison of the groups are
represented in Table 3.

5. Discussion

Apoptosis is a crucial mechanism to terminate survival
of cancer cells. Activation of anti-apoptotic factors such as
Bcl2 protein and attenuation of apoptotic enzymes such as
caspases are two mechanisms that cancer cells use to es-
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Figure 6. Gene expression assay; A) Bcl-2 (24 h), B) Bcl-2 (48 h), C) Cas-8 (24 h), D) Cas-8 (48 h), E) Cas-9 (24 h), and F) Cas-9 (48 h)

cape apoptosis (14). One of the pathways, which protect
the tumor cells from apoptosis, is c-Met/HGF axis. In addi-

tion, it activates other signaling pathways leading to can-
cer cell growth, proliferation, and invasion (15, 16). The cur-
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Table 3. Gene Expression Profile

Time
Group

NPs + siMet vs.
CTRL

NPs + DTX vs. CTRL NPs + siMet + DTX
vs. CTRL

NPs + siMet vs. NPs
+ APT + siMet

NPs + DTX vs. NPs +
APT + DTX

NPs + siMet + DTX
vs. NPs + APT +

siMet + DTX

Bcl-2

24 h 0.79 ± 0.03 vs. 1.0
(P < 0.0001)

0.85 ± 0.03 vs. 1.0
(P < 0.05)

0.59 ± 0.04 vs. 1.0
(P < 0.0001)

NS 0.85 ± 0.03 vs. 0.31
± 0.06 (P < 0.0001)

0.59 ± 0.04 vs. 0.16
± 0.05 (P < 0.0001)

48 h 0.67± 0.07 vs. 1.0 (P
< 0.0001)

0.73 ± 0.02 vs. 1.0 (P
< 0.0001)

0.48 ± 0.05 vs. 1.0
(P < 0.0001)

NS 0.73 ± 0.02 vs. 0.08
± 0.04 (P < 0.0001)

0.48 ± 0.05 vs.
0.0008 ± 0.0003 (P

< 0.0001)

Cas-8

24 h 1.20 ± 0.12 vs. 1.0 (P
< 0.001)

1.40 ± 0.02 vs. 1.0 (P
< 0.0001)

1.43 ± 0.03 vs. 1.0 (P
< 0.0001)

NS NS 1.43 ± 0.03 vs. 1.87
± 0.03 (P < 0.0001)

48 h 1.36 ± 0.01 vs. 1.0 (P
< 0.0001)

1.64 ± 0.05 vs. 1.0 (P
< 0.0001)

1.67 ± 0.05 vs. 1.0 (P
< 0.0001)

1.36 ± 0.01 vs. 1.51 ±
0.02 (P < 0.05)

NS 1.67 ± 0.05 vs. 2.06
± 0.07 (P < 0.0001)

Cas-9

24 h 1.41 ± 0.07 vs. 1.0 (P
< 0.001)

1.67 ± 0.03 vs. 1.0 (P
< 0.0001)

1.98 ± 0.13 vs. 1.0 (P
< 0.0001)

NS 1.67 ± 0.03 vs. 2.0.2
± 0.10 (P < 0.01)

1.98 ± 0.13 vs. 2.55
± 0.15 (P < 0.0001)

48 h 1.99 ± 0.07 vs. 1.0 (P
< 0.0001)

2.45 ± 0.05 vs. 1.0 (P
< 0.0001)

3.04 ± 0.10 vs. 1.0 (P
< 0.0001)

NS 2.45 ± 0.05 vs. 3.34
± 0.08 (P < 0.0001)

3.04 ± 0.10 vs. 4.37
± 0.22 (P < 0.0001)

Abbreviation: NS, Nonsignificant.

rent study evaluated the apoptotic effects of anti-mucin1
APT-conjugated chitosan NPs containing DTX and siMet on
metastatic breast cancer cells. According to the results of
characterization of nanodrugs, the smooth spherical NPs
with positive zeta potential and a size of less than 150 nm
were formed. This size of NPs is ideal due to fewer up-
takes by macrophages (17). The spherical-shaped NPs re-
lease their contents in a controlled manner into the tumor
cells. The advantage of positive zeta potential of the NPs is
less exposure to plasma environment and more diffusion
into the tumor tissue, which causes siRNA delivery with the
least exposure to plasma endonucleases (18).

According to the results of apoptosis assay and gene
expression studies, the NPs containing siMet could signifi-
cantly increase apoptosis in SKBR3 cells through gene ex-
pression reduction of Bcl-2 and induction of both stud-
ied caspases (Cas-8 and Cas-9). Several studies show that
blockade of c-Met through monoclonal antibodies, small
molecules, or gene silencing tools activates apoptosis via
Bcl-2 reduction or caspases activation (19-21). On the other
hand, the NPs + DTX could lead the SKBR3 cells to apopto-
sis through decreasing Bcl-2 and increasing Cas-8 and Cas-9
gene expression, which is in line with the findings of other
studies that taxane-induced apoptosis in cancer cells is re-
lated to inactivation of Bcl-2 (22) and increased protein ex-
pression of Cas-8 and Cas-9 (23). Also, according to these
studies and the current study, the increase of Cas-9 expres-
sion was more obvious than that of Cas-8.

Although the application of chemotherapeutic agents

such as docetaxel is one of the successful methods of can-
cer treatment, the resistance occurred after a while causes
the failure in therapy. In order to prevent this resistance,
co-delivery of the chemotherapeutic agent and a related
siRNA through appropriate nanocarriers can be an appli-
cable solution (24-26). It is shown that co-administration
of docetaxel and anti-HGF antibody increases apoptotic ef-
fects of docetaxel through induction of Cas-3 and -7 (27).
The current study results confirmed these findings, since
the treated cells with NPs + siMet + DTX represented more
apoptosis through reduced Bcl-2 and induced Cas-8 and
Cas-9 gene expression. Also, the apoptosis was at maxi-
mum level when the cells were treated with targeted co-
delivery NPs + APT + siMet + DTX. Increase in the targeted
delivery of both siRNA and chemotherapeutic agents is the
definitive role of APT (28). Also, several studies report the
positive effect of targeted co-delivery of siRNA and anti-
cancer agent on apoptosis level of various cancer cells (29-
31).

As a conclusion, in order to increase apoptotic prop-
erties of DTX on metastatic breast cancer cells, simultane-
ous treatment with siMet could be an effective method. On
the other hand, mucin1 aptamer can be used to increase
targeted delivery of the NPs containing siMet and DTX to
mucin1 + SKBR3 cells. However, the efficiency of this novel
cancer treatment method in apoptosis should be investi-
gated further in other cancer cells and animal models.
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