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ABSTRACT: Gastric cancer therapy is still a big challenge, and nanomedicines bring
much more hope. It is essential to develop multifunctional nanoparticles, especially
those with high targeted capacity and antitumor effects, to improve gastric cancer
therapy. In this study, we constructed AS1411 aptamer-based gold nanoparticles with
appropriate size facilitating endocytosis and actively targeted drug delivery for gastric
cancer cells via the specific AS1411−nucleolin interaction. The AS1411-based
nanoparticles showed obviously increased targeted capacity towards AGS cells
compared to random ssDNA-based nanoparticles. Meanwhile, compared to L929 cells,
the AS1411-based nanoparticles showed selective drug uptake and delivery for AGS
cells. Importantly, the AS1411-based nanoparticles exhibited significantly stronger
antitumor effects on AGS cells under laser irradiation compared to chemotherapy
alone. Our nanoparticles combined targeted drug delivery and efficient antitumor
effects within one single nanoplatform, which are promising to be applied as targeted
nanomedicines against gastric cancer.

■ INTRODUCTION
Currently, gastric cancer has the second highest mortality rate
worldwide.1 Gastric cancer therapy is still a big challenge
despite the progress in medical therapy methods.2−5 It is
imperative to develop multifunctional nanoparticles with
targeted and efficient cytotoxicity to overcome the side effects
of nontargeted drugs.
Nanotechnology is promising for cancer treatment. The

problem of targeting special localization and delivery needs to
be solved to overcome the difficulty of transporting larger-sized
nanoparticles across the cell membrane, more likely through
nonspecific macropinocytosis.6 Besides, it has been reported
that the nanoparticles show significantly greater uptake by
gastrointestinal mucosal tissue when the sizes are about 100
nm.7 To increase the targeting efficiency, nanoparticles
modified with a DNA or RNA aptamer are widely studied
for their smaller size, low immunogenicity, and active targeted
property not relying on the passive enhanced permeability and
retention (EPR) effect of tumor tissues.8,9 Although some
aptamers targeted to gastric cancer cells had been selected by
SELEX,10,11 they were mainly used for diagnosis in the absence
of antitumor studies in vitro or vivo. Nucleolin on the cell
surface is a new molecular target for gastric cancer treatment.
Disordered accumulation of nucleolin can promote the
proliferation of gastric cancer cells12 and is associated with a
worse prognosis for gastric cancer patients.13 It has been
demonstrated that the AS1411 aptamer can strongly bind to
nucleolin with high specificity.14−17 Therefore, it is worth
developing AS1411-based nanoparticles for targeted gastric
cancer therapy via the AS1411−nucleolin interaction.

Only a few studies have utilized AS1411 to guide gastric
cancer therapy. For instance, a dendrimer-based pharmaceut-
ical system guided by AS1411 had been designed to transfer 5-
FU to gastric cancer cells.18 However, the oversized diameter
might limit the specific absorption and endocytosis by targeted
cells because the receptor-mediated pinocytosis always occurs
at a size of about 100−120 nm.19 Multifunctional carbon
nanotubes tagged with the AS1411 aptamer were designed to
achieve gene and drug delivery into human gastric cancer
cells.20 However, we need to emphasize its biological toxicity.
Gold nanoparticles have gained much attention for use in
gastric cancer theranostics in recent years.21−23 Among the
diverse shapes of nanoparticles, spheres or stars exhibit the
highest uptake rates compared with other shapes like flower,
cube, rod, or disk.24

Spherical-gold nanoparticles (AuNPs) have become more
attractive because of their highly efficient internalization and
least cytotoxicity in biological safety.25 More importantly,
AuNPs, with controllable sizes, are easy to be modified with
targeting ligands or anticancer drugs on the surface and can
convert optical energy into thermal energy with high
efficiency.26 Near-infrared ray (NIR) light has been used for
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gastrointestinal cancer therapy because of its minimal
absorption by human tissue and deeper tissue penetration.27,28

There was a recent study that reported a laser (785 nm, 1.2 W/
cm2)-responsive gold nanoshell combining hyperthermia and

Figure 1. (A) TEM. (B) UV−vis. (C) Flow cytometric assay in AGS cells. Fluorescence from AGS cells labeled with FAM-AS1411 or FAM-PolyT.
(D) Quantitative analysis of flow cytometry. *P < 0.05.

Figure 2. Confocal imaging (×600) of intracellular drug from free DOX or AS1411-based nanoparticles in AGS or L929 cells. The fluorescence
signal represents DOX (red) or DAPI (blue).
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siRNA gene therapy and immunotherapy for gastric cancer
treatment.29 However, the laser power was limited because of a
possible thermal damage to normal cells owing to the lack of
specificity to cancer cells.
Herein, we performed the synthesis and application of

AuNPs modified with the AS1411 aptamer and DNA rich in
GC (named hairpin DNA). The double-stranded DNA or
hairpin DNA rich in GC could load doxorubicin (DOX) by
intercalation. The AS1411-based nanoparticles actively tar-
geted AGS cells (nucleolin-abundant on cytomembrane12)
mediated by the AS1411−nucleolin interaction and then
entered into cells through endocytosis. Our nanosystem
showed tumor-specific targeting as well as laser and pH dual-
sensitive drug release, and exhibited excellent antitumor effects
on AGS cells. Our multifunctional nanosystem may be
potentially used as targeted therapy for gastric cancer in the
future.

■ RESULTS
Characterization of Aptamer-Based Gold Nanopar-

ticles. Transmission electron microscopy (TEM) and UV−vis
results of AS1411-based nanoparticles are shown in Figure
1A,B. A higher fluorescence intensity of fluorescein amidite
(FAM) in the AS1411-based nanoparticles group was observed

in AGS cells compared to that in the random DNA (PolyT)-
based nanoparticles group with about threefold higher binding
(Figure 1C,D). This result indicated a stronger binding ability
guided by the AS1411−nucleolin interaction, which con-
tributed to targeted therapy.

Increased Cellular Drug Delivery and Uptake. To
evaluate the selective cytotoxicity to AGS cells, we detected
fluorescent signal (red)-reflected intracellular drug delivery and
uptake using L929 cells (low nucleolin expressing) as controls
(Figure 2). The red fluorescence was almost parallel in both
AGS and L929 cells incubated with free DOX, suggesting
nonspecific uptake and side effects. When cells were treated
with AS1411-based nanoparticles, stronger red fluorescent
intensity was observed in the AGS cells, but less in the L929
cells, indicating the excellent targeted property.

Internalization and Drug Release of Nanoparticles. It
has been reported that nanoparticles enter the cell mainly by
endocytosis and then fuse with the early endosome, where the
low pH induces fast degradation and drug release.19,30 The
cellular internalization and cellular drug release course are
shown in Figure 3A. To confirm the endocytosis process, the
colocalization tested by the lysotracker showed that AS1411-
based nanoparticles efficiently internalized into lysosomes
(Figure 3B).

Figure 3. (A) Confocal imaging (×400) of cellular uptake and cellular drug release course in AGS cells incubated with AS1411-based nanoparticles
for different time periods. The fluorescence signal is represented by DOX (red) or DAPI (blue). (B) Colocalization confocal imaging (×600) of
AS1411-based nanoparticles in AGS cells. The fluorescence signal represented the colocalization overlap color (yellow), Lysotracker (green), DOX
(red), or Hoechst 33342 (blue).
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Increased Cellular Drug Release by Laser Irradiation.
As shown in Figure 4, the mean fluorescence intensity of
intracellular DOX was much stronger with the AS1411-based
nanoparticles under the 808 nm laser irradiation than that
without laser irradiation in the flow cytometry tests and
confocal imaging. In particular, the fluorescent signal under
laser irradiation at 2 W/cm2 was higher than that at 1 W/cm2,
suggesting more laser-triggered drug release inside the cells and
better chemotherapy effects.
Targeted Cytotoxicity Mediated by Aptamer-Guided

Therapy. The laser caused slight heat damage to cells in the
AuNPs + AS1411 + hairpin DNA group without DOX (Figure
5). Importantly, the AS1411-based nanoparticles group
showed stronger cytotoxicity compared to the PolyT-based
nanoparticles group under the same conditions. These results
revealed that the AS1411−nucleolin interaction played an
important role in increasing targeted cytotoxic effects on the
AGS cells. In addition, the AS1411-based nanoparticles group

displayed a remarkable reduction of cell viability when exposed
to the laser at 2 or 2.5 W/cm2 compared to the free DOX
group. These observations suggested the therapeutic advantage
of AS1411-based nanoparticles for targeted and efficient
cytotoxicity towards gastric cancer cells, which could be
appropriate for gastric cancer cells treatment.

■ DISCUSSION

At present, targeted drug delivery through nanotechnology is
the research focus for malignant tumor therapeutics.
Doxorubicin (DOX) is one of the most commonly used
traditional chemotherapy drugs.31 Nanoformulations of
doxorubicin designed through nanotechnology are focused
on achieving targeted drug delivery and overcoming the
systemic toxicity of conventional cancer treatment.32 The aim
of this study was to perform the synthesis and application of
targeted nanoparticles based on AuNPs guided by the AS1411
aptamer and functional hairpin DNA loaded with DOX, which
could realize precisely targeted chemotherapy and increased
antitumor effects under laser irradiation.
In our study, we chose gold nanoparticles as nanocarriers

because their large surface area binds more aptamers to
increase the targeting affinity.33 TEM results showed the
appropriate size of the AS1411-based nanoparticles, facilitating
transport across gastric tumor cell membranes or endocytosis.
Flow cytometry results showed the good targeting capacity of
AS1411, which indeed showed about threefold higher binding
ability to AGS cells compared with the random DNA. The
targeting capacity was further demonstrated by confocal
imaging in the in vitro experiment. When incubated with the
AS1411-based-NPs, more intracellular DOX fluorescence
signals were observed in AGS cells than in L929 cells.
In a recent study, Zhang et al. reported that a zinc-

tetraphenylethene dual-targeted gold nanoprism provided
strong photothermal therapy against SGC-7901 human gastric

Figure 4. Laser-responsive DOX release. (A) Flow cytometry histograms displaying the fluorescence signals of DOX in AGS cells exposed to an
808 nm laser (1 or 2 W/cm2) for 10 min. (B) Quantitative analysis of the mean fluorescence intensity. *P < 0.05. (C) Confocal imaging of the AGS
cells incubated by AS1411-based nanoparticles for 2 h and processed under 808 nm laser irradiation (1 or 2 W/cm2). The fluorescence signal is
represented by DOX (red) or DAPI (blue).

Figure 5. CCK-8 assay for AGS cells. Cytotoxicity of different
nanoparticles under 808 nm laser irradiation at different powers (1,
1.5, 2, or 2.5 W/cm2) for 10 min or without laser. *P < 0.05.
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cancer cell growth.34 Gold nanomaterials had been demon-
strated to absorb NIR light and then induce DNA
dehybridization.35 It is worth noting that gold nanoshells
absorb NIR light energy and increase their surface temperature
to achieve ssDNA release at or near 37 °C with little or no
temperature increase of the local environment.36 In our study,
we detected the DOX release from hairpin DNA on the gold
surface induced by laser irradiation. We observed that laser
obviously promoted DOX release from the AS1411-based
nanoparticles with an increase of power and extension of the
irradiation time. Importantly, under laser irradiation, the
AS1411-based nanoparticles released more drug at pH 5.0.
These results suggested that the AS1411-based nanoparticles
further released DOX after endocytosis into the lysosomes or
in the acid intracellular environment of tumor cells and
manifested increased chemotherapy effects under laser
irradiation. Besides, we observed that there was almost no
drug release at pH 7.4 (physiological condition) without laser,
indicating the stability and safety of the AS1411-based
nanoparticles.
To investigate the targeted antitumor effect, we measured

the cell cytotoxicity of the AS1411-based nanoparticles using
the CCK-8 assay using PolyT-based nanoparticles or free DOX
as the control. To find the maximum anticancer effect with
minimum power, we tested the cytotoxicity under different
laser irradiation conditions. We observed that the cytotoxicity
of the AS1411-based nanoparticles to AGS cells was always
stronger than that of PolyT-based nanoparticles, further
indicating the targeted chemotherapy capacity. It was more
advantageous that the AS1411-based nanoparticle group
exhibited more efficient cytotoxicity (about 22%) after laser
exposure at 2.5 W/cm2 than the free DOX group (about 30%).
Besides, there was minimal cell damage caused by AuNPs only
modified with DNA. These results indicated that the AS1411-
based nanoparticles could effectively target and kill the AGS
cells guided by AS1411 under laser irradiation and were safer
than traditional chemotherapy.
The preliminary results showed the advantage of the

AS1411-based nanosystem with good safety, specifically
targeted drug delivery capacity, and a favorable antitumor
effect, which may be promising for targeted therapy of gastric
cancer cells.

■ CONCLUSIONS

In summary, our nanosystem exhibited multiple attractive
advantages, including appropriate size, stability, and safety,
specifically targeted capacity, and potent antitumor effect. This
multifunctional nanosystem may be promising for gastric
cancer cells treatment.

■ EXPERIMENTAL SECTION

AS1411 (5′ SH C6-GGTGGTGGTGGTTGTGGTGGTGG-
TGG-3′ 6-FAM), random ssDNA PolyT (5′ SH C6-TTTT-
TTTTTTTTTTTTTTTTTTTTTT-3′ 6-FAM), and hairpin
DNA (5′ SH C6-TTTTTTGCGTACGCGTACGC-
GATCTTTTGATCGCGTACGCGTACGC-3′ 6-FAM) were
all purchased from Sangon Biotech. Hydrogen tetrachloroau-
rate hydrate (HAuCl4) was purchased from Sigma-Aldrich.
DOX was purchased from Sangon Biotech. The DAPI and cell
counting kit-8 (CCK-8) were purchased from Beyotime
Biotechnology.

Preparation of AuNPs. AuNPs were synthesized following
the literature procedures.37 Transmission electron microscopy
(TEM) (OPTON EM 10C, Germany) was used to confirm
the synthesis of AuNPs. The concentration of AuNPs was
calculated by UV−vis measurements via Beer’s law (A =
εbc).38

Immobilization of DNA on AuNPs. The equal molar
DNA (AS1411 or hairpin DNA) was reacted with AuNPs
through the Au−S bond. The loading of FAM-labeled DNA
onto the AuNPs was dividedly determined by fluorescence
measurements using an F2700 fluorescence spectrophotometer
(Hitachi, Japan) at λexc = 492 nm, λem = 518 nm. Standard
curves were dividedly made using known molar concentrations
of FAM-labeled DNA. The supernatant containing free DNA
was collected to calculate molar concentrations by a standard
curve and the molar concentrations of nanoparticles were then
calculated.

DOX Loading on the Nanoparticles. The AuNPs
modified with DNA were dividedly incubated in free DOX
(0.3 mg/L). The fluorescence signal of free DOX was
quenched when it intercalated into the hairpin DNA rich in
the GC sequence.39,40 After overnight incubation, the solutions
were centrifuged at 18 000 rpm for 15 min to remove excess
DOX. The supernatant containing unbound free DOX was
collected to calculate concentrations by a DOX standard curve
constructed by a fluorescence measurement at λexc = 480 nm,
λem = 590 nm. The DOX concentrations of nanoparticles were
calculated by subtracting them from the total free DOX before
incubation. To obtain the DOX incorporation capacity of
nanoparticles, the nanoparticles were incubated with DOX
under different molar ratios (from 1:10 000 to 1:200), and the
quenching of fluorescence intensity change of DOX was
recorded.

Drug Release Test. The AS1411-based nanoparticles were
irradiated under an 808 nm laser using the NIR laser
equipment (Changchun New Industries Electronics Tech
Co., Ltd., China) (2, 4, 6 W/cm2) or no laser (dark) at
different time periods (0, 5, 10, 15, 30 min) at pH 7.4 or 5.0,
respectively, at a room temperature of 25 °C; the fluorescence
of DOX (λ = 590 nm) was recorded from the supernatant.

Cell Culture. AGS cells (Shanghai Branch of Chinese
Academy of Science) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with high glucose containing 10%
qualified fetal calf serum (FB15015; Clark Biosciences,
Richmond, VA). L929 cells (Shanghai Branch of the Chinese
Academy of Science) were cultured in DMEM containing 10%
qualified horse serum (iCell Bioscience Inc, Shanghai, China).
Cells were cultured in sterile flasks (Thermo Fisher Scientific,
USA) in a humidified atmosphere containing 5% CO2 at a
temperature of 37 °C.

Flow Cytometry. Before flow cytometric analysis (BD
LSRFortessaTM, BD Bioscience, USA), cells were treated in
ethylenediaminetetraacetic acid (EDTA) with no trypsin.
Moreover, AGS cells were incubated with AS1411-based
nanoparticles or equal molar PolyT-based nanoparticles for 1 h
at 37 °C and then treated with or without 808 nm laser
irradiation at 1 or 2 W/cm2 for 10 min. The mean fluorescence
intensity of FAM or intracellular DOX was analyzed and
calculated using Flow Jo 10.0.

Confocal Imaging. The AGS or L929 cells were cultured
for 24 h and then treated with free DOX or AS1411-based
nanoparticles at an equivalent DOX concentration (5 μg/mL)
for different time periods. After AGS cells were treated with
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AS1411-based nanoparticles for 2 h, the cells were stained with
LysoTracker Green DND-26 (Thermo Fisher Scientific) at 75
nM for 1 h, stained with Hoechst 33342, and then images were
taken. To monitor drug release influenced by laser irradiation,
after AGS cells were treated with AS1411-based nanoparticles
for 2 h, the cells were irradiated by the 808 nm laser and fixed
with 4% paraformaldehyde for 15 min, permeabilized with
0.1% Triton X-100 for 10 min, and then stained with DAPI.
Images (×600) were taken using a confocal laser scanning
microscope (Nikon Intensilight C-HGFIE).
CCK-8 Test. AGS cells were plated at a density of 10 000

cells per well for 24 h. The cells were treated with free DOX or
AS1411-based nanoparticles at a DOX concentration (2.5 μg/
mL) for 48 h. Meanwhile, the AGS cells were treated with
nanoparticles (AuNPs + AS1411 + hairpin DNA, without
DOX) at the same concentration of AS1411-based nano-
particles. AGS cells were irradiated under the 808 nm laser at
different powers (1, 1.5, 2, or 2.5 W/cm2) for 10 min or
without laser and then were given aforementioned arrange-
ment. After 48 h, cells were treated with 10 μL of CCK-8 for 2
h. The percentage viability of the cells was calculated by the
quantification of CCK-8 measured from the optical densities at
a wavelength of 450 nm using a microplate reader (Model 550;
Bio-Rad, Hercules, CA).
Statistical Analysis. All experiments were repeated at least

three times. All quantitative data analyzed by SPSS 22.0 were
expressed as means ± standard deviation. Values of P < 0.05
were considered statistically significant.
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TEM images of AuNPs, AuNPs + DNA ( AS1411 +
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