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ABSTRACT: The objective of this study was to synthesize a
nanocomposite, aptamer−gold nanoparticle-hybridized gra-
phene oxide (Apt-AuNP−GO), to facilitate targeted treatment
of tumor cells by near-infrared (NIR) light-activatable
photothermal therapy. We also investigated whether Apt-
AuNP−GO with NIR illumination modulates heat shock
proteins (HSPs) expression leading to therapeutic response in
human breast cancer cells. These findings can provide
strategies for improving the photothermal therapy efficacy of cancer. The self-assembled Apt-AuNP−GO nanocomposite
could selectively target MUC1-positive human breast cancer cells (MCF-7) due to the specific interaction between the MUC1-
binding-aptamer and the MUC1 (type I transmembrane mucin glycoprotein) on cell membrane. In addition, Apt-AuNP−GO
has a high light-to-heat conversion capability for photoabsorption of NIR light, and it is able to exert therapeutic effects on MCF-
7 cells at an ultralow concentration without inducing adverse effects in healthy cells. The Apt-AuNP−GO nanocomposites
combine the advantages of GOs, AuNPs, and Apts, possess specific targeting capability, excellent biocompatibility, and tumor cell
destruction ability, suggesting great potential for application in the photothermal therapy of breast cancer. Under NIR
illumination, Apt-AuNP−GO induced transient increase in HSP70 expression, which decreased thereafter. This phenomenon
may cause irreversible damage to Apt-AuNP−GO-treated MCF-7 cell under NIR illumination. We also demonstrated that the
combination therapy of heat and HSP70 inhibitor could synergistically generate marked tumoricidal effects against breast cancer.
These results suggest that the degree and duration of HSP70 protein expression are correlated with therapeutic effects against
breast cancer for Apt-AuNP−GO-assisted photothermal therapy. We believe that such a nanocomposite can be readily extended
to the construction of HSP70 inhibitors-loaded Apt-AuNP−GO, which could deliver both heat and HSP70 inhibitors to
tumorigenic regions for the chemo-photothermal therapy.
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1. INTRODUCTION

Breast cancer is a leading cause of death among women
worldwide. According to statistics reported by the International
Agency for Research on Cancer (IARC), the incidence of breast
cancer has increased by more than 20%, while mortality has
increased by 14% since 2008. Breast cancer is also the most
common cause of cancer death and the most frequently
diagnosed cancer among women.1,2 Continuous improvements
in the techniques for curing breast cancer, understanding the
related mechanisms, and the development of new medicines
will result in more efficient and effective cancer treatment.

Recently, the application of nanotechnology for cancer
therapy has received extensive attention. Nanotechnology-
related cancer treatment would involve the use of nanomateri-
als that can be conjugated with specific molecules, such as
imaging reporters, antibodies, and anticancer drugs, to improve
the efficiency and safety of therapy.3−12 Photothermal therapy
is a noninvasive cancer therapy technique in which tumor
tissues are exposed to light, and the received light is converted
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to heat to promote tumor destruction. Photothermal therapy
involves raising the temperature of tumor cells to the range of
42−46 °C to alter the function of many structural and
enzymatic proteins within cells, thereby leading to cell
death.13,14 Several nanomaterials with optical absorption in
the near-infrared (NIR) spectrum, such as gold nanoparticles
(AuNPs), iron oxide nanoparticles, graphene oxides (GOs) and
carbon nanotubes, have been developed for the photo-
hyperthermic treatment of cancer.15−18 These nanomaterials
have attracted much attention because normal tissues are
transparent in the NIR region. NIR (700−1000 nm) irradiation
is the most advantageous wavelength region suitable for
biological applications owing to its high capability of deeper
penetration into animal tissues in this optical window.
GOs and AuNPs have been extensively employed in

photothermal therapy because of their excellent photothermal
conversion efficiencies and biocompatibilities.19−21 Further
enhancement of the photothermal efficiency of these two
materials generally requires control of their oxidation states,
morphologies, or dimensions.19−21 Recently, a number of
recent studies have demonstrated that the Au materials
anchored on GO could enhance the photothermal effects and
control the shape and size of the gold nanostructures could
tune the photothermal effects. In addition, GOs are excellent
nanomaterials as drug carriers due to their high loading
capacity.22,23 Therefore, creating a nanomatrix by combining
GOs with AuNPs in a single system may enhance the
photothermal effects on tumors.
The major challenge in photothermal therapy is controlling

the highly localized thermal effects on tumor. Over the past few
years, many researchers have developed aptamers to replace
antibodies in medical use such as in disease diagnosis, drug
delivery, and therapeutics.3,24,25 With their advantages of simple
synthesis methods, small sizes, and ease of modification and
storage, aptamers are widely employed for specific targeting of
cancer cells.3,26 To provide a nanomatrix with the targeting
capability for specific human breast cancer cells, we
immobilized mucin 1 (MUC1) aptamers on the surface of
the nanomatrix. MUC1 is a well-characterized transmembrane
glycoprotein whose expression increases in most breast
malignant carcinomas.3,27,28 Several studies have demonstrated
that MUC1 overexpression is linked to tumor aggressiveness in
human breast carcinoma.29,30 These findings suggest that
MUC1 can act as a target in breast cancer therapy. Here, we
constructed an aptamer-guided AuNP-GO for photothermal
therapy of MUC1-positive breast cancer cells (MCF-7).
Furthermore, to increase the binding efficiency of MUC1
aptamers on this nanomatrix, MUC1 aptamers were first
conjugated to AuNPs via a strong Au−S bond and then
adsorbed onto GO. To explore the therapeutic efficiency of our
photothermal agent, we evaluated its therapeutic effect and
delivery capacity in human breast cancer cells.
The efficiency of thermal therapy can frequently be reduced

because of the induction of heat shock proteins (HSPs). HSPs,
such as HSP70 and HSP90, can help protect cells from heat
stress and maintain homeostasis.31−33 HSPs can be rapidly
activated once heat stress occurs, which allows them to
effectively protect against heat-induced toxicity.34−36 Therefore,
overcoming the resistance of HSPs can help advance the
potential of cancer thermal therapy. Numerous studies have
demonstrated that cotreatment of cancer cells with hyper-
thermia and HSP90 inhibitors is a powerful approach for
improving cancer therapy.37−39 However, the overexpression of

HSP70 following treatment with HSP90 inhibitors, which
reduces anticancer efficacy, has been demonstrated in vitro and
in vivo.40−43 Therefore, to clarify the HSP expression induced
by photothermal therapy alone or in combination with HSP
inhibitors might help to improve the efficiency of this form of
cancer therapy.
In this study, we developed Apt-AuNP−GO, which can

deliver heat to specific tumorigenic regions to effectively inhibit
human breast cancer cell growth by inducing apoptosis at
ultralow concentrations. The results of our study show that the
Apt-AuNP−GO displayed excellent anticancer activity, specific
targeting capability and biocompatibility, suggesting great
potential for application as a photothermal agent. We also
examined the possible involvement of HSP70 in the heat stress
response that induced by Apt-AuNP−GO on human breast
cancer cells. We therefore utilized the HSP70 inhibitor (VER-
155008) to validate the proposed therapeutic approach. These
results provide the biological basis for drug designs and breast
cancer treatments.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Bisbenzimide Hoechst 33342, thiazolyl blue

tetrazolium bromide (MTT) and 5′-O-[(4-cyanophenyl)methyl]-8-
[[(3,4-dichlorophenyl)methyl]amino]− adenosine (VER-155008)
were purchased form Sigma-Aldrich (Milwaukee, WI). RPMI 1640
with 1% L-glutamine, phosphate buffered saline (0.01 M, pH 7.2) and
fetal bovine serum were purchased form Gibco (Life Technologies,
Thermo Fisher Scientific, Waltham, MA). HSP70 antibody, HSP90
antibody, HRP-labeled goat anti-rabbit IgG, HRP-labeled goat anti-
mouse IgG, Alexa Fluor 488-labeled goat anti-rabbit IgG, lactate
dehydrogenase (LDH) cytotoxicity assay kit were purchased form
Beyotime Institute of Biotechnology (Shanghai, China). All other
chemicals were purchased from Sigma-Aldrich, Abcam (Cambridge,
MA), or Epitomics (Burlingame, CA), unless stated otherwise, and
used without further purification.

2.2. Cell Cultures. The human breast cancer MCF-7 cells and
human umbilical vein endothelial EA.hy926 cells were maintained in
RPMI 1640 with 10% fetal bovine serum in a 37 °C incubator with a
humidified mixture of 5% CO2 and 95% air. The medium was changed
twice a week, and the cells were passaged by trypsinization every week.

2.3. Temperature Monitoring of Laser-Induced Heat
Generation. Nanoparticle suspensions in cell culture medium were
illuminated with an 808 nm NIR laser. The real-time temperature
elevations were measured using thermocouple. To examine the
potential of using Apt-AuNP−GO in photothermal therapy, hybrid
nanomaterials suspension in cell culture medium was added into the
MCF-7 or EA.hy926 cells (8000 cells/well), cultured for 24 h, and
then rinsed three times with PBS to remove any free Apt-AuNP−GO.
The samples were illuminated with an 808 nm NIR laser with the
power density of 3 W for 5 min. The potential of nanoparticles in
photothermal therapy was then assessed at 3, 12, and 24 h after NIR
laser illumination by MTT and LDH assay.

2.4. Targeting-Ability of Apt-AuNP−GO Nanocomposites.
To examine the targeting-ability of Apt-AuNP−GO, fluorescence
agent, rhodamine B (RB; 500 nM), was loaded onto GO, random
single-stranded DNA-AuNP−GO or Apt-AuNP−GO, and then the
unbound RB was removed together with in the supernatant after
centrifugation at a RCF of 35 000g for 1 h. After removing the
supernatant, the pellet of RB/nanoparticles was resuspended in PBS
solution. The cell culture medium containing RB/nanoparticles (1.74
μg/mL) was separately added into the MCF-7 and EA.hy926 cells for
24 h, and then rinsed three times with PBS to remove any free RB/
nanoparticles. The fluorescent images of RB/nanoparticles targeting
cells were recorded with a fluorescence microscope (Eclipse Ti, Nikon,
Melville, NY,) and flow cytometry (Accuri C6, BD Biosciences, San
Jose, CA). To determine the cellular uptake of nanocomposites, MCF-
7 cells were exposed to Apt-AuNP−GO for 24 h and analyzed by
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TEM. The MCF-7 cells were washed with PBS and fixed in 1% OsO4.
The cells were dehydrated with an ethanol gradient and immersed in
LR white resin for 24 h at 60 °C. The cells were subsequently
embedded in an epoxy resin, and then a thin section was sliced using a
diamond microtome. Each slice was mounted on TEM grid and
stained with uranyl and lead acetate, air-dried, and imaged under TEM.
2.5. Cell Viability. Cells were treated with GO, Apt-AuNP, Apt-

AuNP−GO or NIR illumination alone or in combination. Cell viability
was determined with the MTT and LDH assays according to the
manufacturer’s protocol. The samples were determined by a
spectrophotometer (Victor X4, 2030 Multilabel Reader, PerkinElmer)
and compared with the values of controls. Visible absorbance was
recorded in a 96-well plate reader at 490 nm. The cell viability was
expressed as the absorbance percentage relative to that of control
group.

2.6. Apoptosis-Related and HSPs Protein Expression. Levels
of Bax, Bcl2, HSP70, and HSP90 proteins were determined by
Western blot analysis. MCF-7 cells were treated with VER-155008, 17-
AAG, GO, Apt-AuNP−GO or NIR illumination alone or in
combination. After the treatment, cells were washed three times
with PBS, centrifuged at 8000g for 5 min, and were soaked in liquid
N2. Cell pellets were thawed and lysed in 80 μL of protein extraction
buffer (1 M Tris-HCl, pH 7.9, 3 M NaCl, 1% aprotinin, 2 mM
phenylmethylsulfonyl fluoride, 5 mM dithiothreitol) for 30 min on ice,
and the extracts were centrifuged for 30 min at a RCF of 10 000 g.
Protein concentration was measured with the Bio-Rad protein assay kit
(Hercules, CA). Protein were loaded at 50 μg/lane and separated by
12% (w/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and blotted. Anti-Bcl2, anti-Bax (ImmunoWay Biotechnology
Company, Newark, DE), anti-HSP70, anti-HSP90, and anti-β-actin

Scheme 1. Schematic Representation of the Preparation of Apt-AuNP−GO and Its Application with NIR Laser Irradiation for
Photothermal Therapy of Cancer Cells

Figure 1. Physicochemical properties. (a) TEM images of as-prepared (A) GO, (B) Apt-AuNPs, and (C) Apt-AuNP−GO. (b) Tapping mode AFM
image of Apt-AuNP−GO. (c) Raman spectra of the prepared GO. (d) UV−vis absorption spectra of (A) GO (at a concentration of 2×), (B) Apt-
AuNPs (0.5 nM), and (C) Apt-AuNP−GO (prepared from 2× GO and 0.5 nM Apt-AuNPs) in sodium phosphate solution (5 mM, pH 7). The
absorbance (Abs) is plotted in arbitrary units (a.u.).
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monoclonal antibodies were used at a concentration of 1:1000. The
secondary antibodies, alkaline phosphatase-coupled antimouse or
antirabbit antibody were incubated at room temperature for 2 h at a
concentration of 1:1000 dilutions, respectively. Immunoreactive bands
were visualized by incubating with ECL Plus Substrate (Pierce,
Thermo Scientific, Waltham, MA). The membranes were also probed
with anti-β-actin antibody to correct for differences in protein loading.
2.7. Statistical Analysis. Comparison of the results between

various experimentally treated groups and their corresponding controls
was carried out by Student t-test. All comparisons were considered
significantly different when *p < 0.05.
Please see the Supporting Information for the details on the

preparation of GO nanosheets, preparation and characterization of
Apt-AuNP and Apt-AuNP−GO, photothermal conversion efficiency of
Apt-AuNP−GO and reduced GO (rGO), and agarose gel separation
of the mixtures of Apt−AuNP and GO.

3. RESULTS AND DISCUSSION
3.1. Preparation of Apt-AuNP−GO and RB/Apt-

AuNP−GO. Scheme 1 outlines the synthesis route for the
preparation of Apt-AuNP−GO hybrid nanomaterials. First, GO
was synthesized from graphite (7−11 μm) using a modified
Hummers method.44 TEM study showed that the average sizes
of the single-layer GOs were approximately 300 nm (Figure
1a,A). The Raman spectra of the as-prepared GO showed the
specific band associated with the in-phase vibration of the
graphene lattice (G band, sp2) at 1575 cm−1 as well as the
disorder band associated with graphene edges (D band, sp3) at
approximately 1355 cm−1 (Figure 1c).45 As-prepared GO at a
concentration of 1× (where the concentration of as-prepared
GO is denoted by 100×) and Apt-AuNP (10 nM; 13 nm) in a
sodium phosphate solution (5 mM; pH 7.0) were used to
prepare Apt-AuNP−GO. Approximately 98% of the Apt-AuNP
was determined to be adsorbed onto the GO by comparing the
absorbance values at 520 nm of the Apt-AuNP in standard
solution and in the supernatant after centrifugation (at a RCF

of 5000g for 10 min) of the Ap-AuNP/GO mixture. Apt-AuNP
were adsorbed on GO mainly through multivalent nucleobase−
graphene π−π stacking (attractive, noncovalent interactions
between aromatic rings through the π electrons) between the
aptamers and GO. The high density of aptamer units on AuNP
resulted in the strong copperative π−π stacking interaction
between Apt-AuNPs and GO.46 The TEM image (Figure 1a,C)
and the result of agarose gel separation (Figure S1, Supporting
Information) of Apt-AuNP−GO reveal that the Apt-AuNP
were assembled homogeneously on the GO surface. The
atomic force microscope (AFM) image and UV−vis absorption
spectra of Apt-AuNP−GO shown in Figure 1b,d further
confirm that the AuNPs were well distributed on the surface of
each GO. The GO shows a π → π* transition of the CC
bond in the sp2 hybrid region at 230 nm and a shoulder of n →
π* electronic transition of peroxide and/or epoxide functional
groups at approximately 300 nm.47 Both spectra of Apt-AuNP
and Apt-AuNP−GO spectra show an absorption band at 520
nm, which was attributed to the dispersed AuNPs (13 nm).48

Based on simple π−π stacking and electrostatic interactions
between rhodamine B (RB) and GO, we prepared fluorescent
RB-modified Apt-AuNP−GO (RB/Apt-AuNP−GO) for selec-
tive cell targeting. We observed the quantum yield of RB (30%)
decreased to ∼5% after being adsorbed on Apt-AuNP−GO as a
result of energy and electron transfer between RB and the GO
(data not shown).49

3.2. Photothermal Effects and Cytotoxicity Assess-
ment of Apt-AuNP−GO. In previous studies, functional GO
was used for effective photothermal tumor therapy under NIR
illumination due to its high NIR absorption.50,51 To examine
the photothermal heating capabilities of GO nanosheets, Apt-
AuNPs, and Apt-AuNP−GO nanocomposites, we detected the
temperature variation of RPMI 1640 cell medium solution (100
μL) containing GO (1.74 μg/mL), Apt-AuNPs (0.2 nM), or

Figure 2. Photothermal effects and cytotoxicity of Apt-AuNP−GO. (a) Photothermal heating curve of (A) RPMI1640 medium as a control, (B) GO
(1.74 μg/mL), (C) Apt-AuNPs (0.2 nM), and (D) Apt-AuNP−GO (1.74 μg/mL). (b) Photothermal stability (five consecutively repeated cycles) of
Apt-AuNP−GO (1.74 μg/mL) under NIR illumination. Cytotoxicity of Apt-AuNP−GO (0.0174−1.74 μg/mL in RPMI 1640 medium) was
measured by (c) MTT assay and (d) LDH assay.
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Apt-AuNP−GO (1.74 μg/mL) after exposed to an 808 nm
NIR laser at power density of 3 W using a thermocouple. As
shown in Figure 2a, the temperature of the GO solutions
increased by 1.3 °C/min (curve B; from 37.6 to 44.3 °C over 5
min). The temperature of the Apt-AuNPs solutions increased
by 2.2 °C/min (curve C; from 37.4 to 48.5 °C over 5 min).
The temperature of the Apt-AuNP−GO solutions showed
greater changes, increased by 3.1 °C/min (curve D; from 37.2

to 52.8 °C over 5 min). In contrast, the cell culture medium,
used as the control group, exhibited only a slight increase in
temperature (curve A; 0.7 °C/min, from 37.0 to 40.4 °C over 5
min). A promoting effect was observed to be responsible for the
temperature elevation of the Apt-AuNP−GO (Figure 2a),
which might be attributed to both light absorption by GO and
plasmonic effects associated with the Apt-AuNPs.52 The
spherical AuNPs with small size tend to deposit on defect

Figure 3. Targeting ability and selective photothermal capability. (a) Fluorescence image of MCF-7 and EA.hy926 cells incubated with RB/GO, RB/
rDNA-Au NPs−GO, and RB/Apt-AuNP−GO (1.74 μg/mL in RPMI1640 medium). (b) Fluorescence intensity MCF-7 and EA.hy926 cells
incubated with RB/GO, RB/rDNA-Au NPs−GO, and RB/Apt-AuNP−GO (1.74 μg/mL in RPMI 1640 medium). (c) Selective photothermal
heating capability of Apt-AuNP−GO (1.74 μg/mL in RPMI 1640 medium). (d) Uptake of Apt-AuNP−GO by MCF-7 cell. (A) TEM images of
MCF-7 cells exposed to Apt-AuNP−GO for 24 h. White arrows denote Apt-AuNP−GO, (B) higher magnification of MCF-7 cells (red boxed area in
image A), and (C) EDX pattern of the Apt-AuNP−GO in MCF-7 cells (white arrows in image B).
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sites and vacancies of GO and thus decrease the mobility of the
AuNPs on GO after absorbing laser energy, therefore, it limits
their shape transformation and shows efficient laser energy
conversion. Recently, Abdelsayed et al. have reported the laser
illumination of GO results in a rapid deoxygenation
accompanied by an increase in thermal conductivity, and
further enhancement of heat-transfer process.53 We suggest the
features of catalytic AuNPs may accelerate the deoxygenation of
GO and improve the photothermal conversion efficiency of
AuNP−GO nanocomposite.7 To assess the NIR photostability
of Apt-AuNP−GO, five laser-on/off cycles were performed by
irradiating the cell culture medium containing Apt-AuNP−GO
via an 808 nm laser for 5 min (laser-on), followed by cooling to
room temperature without laser irradiation for 5 min (laser-
off). As shown in Figure 2b, no significant variation was
observed during photothermal heating after five cycles. The
TEM images, UV−vis absorption spectra, and Raman spectra of
Apt-AuNP−GO in PBS solution after NIR illumination were
almost the same as that of untreated one, revealing the
dispersibility and structure of the Apt-AuNP−GO remained
unchanged after NIR illumination (Figure S2, Supporting
Information). These results also suggest that the Apt-AuNPs
did not release from GO under the NIR illumination. The gel
separation results shown in Figure S1 (Supporting Informa-

tion) further support the Apt-AuNP−GO nanocomposites
were stable (no aggregation) and Apt−AuNPs did not release
from GO after NIR illumination. The high stability of the Apt-
AuNP−GO is consistent with previous results obtained for
graphene-based materials with similar temperature profiles in
recycling tests.17,53

To further evaluate the biocompatibility of Apt-AuNP−GO,
we measured the viability of human breast cancer cells (MCF-
7) and human vascular endothelial cells (EA.hy926) after
treatment with Apt-AuNP−GO (0.0174−1.74 μg/mL).
Numerous studies have demonstrated that nanomaterials may
potentially affect the results of cytotoxicity assays due to their
high adsorption capacity and optical activity.54 To prevent false
evaluations of cell viability, both MTT and LDH assays were
used to assess cytotoxicity. As shown in Figure 2c,d, the
viability of both MCF-7 and EA.hy926 cells remained above
∼95%, even after incubation with the Apt-AuNP−GO for 24 h.
Inclusion of Apt-AuNP−GO did not cause cytotoxicity,
demonstrating the inherent toxicity of GO hybridized with
Apt-AuNPs in selected cell lines are quite low. Overall, our
results suggested that Apt-AuNP−GO can serve as a
biocompatible material for photothermal therapy of cancer,
exhibiting an excellent NIR photothermal energy conversion
function and stability.

Figure 4. Photothermal therapy effect. (a) Cell viability of MCF-7 cells was measured by MTT assay 3−24 h after incubation with Apt-AuNP−GO
(1.74 μg/mL), GO (1.74 μg/mL), and RPMI 1640 medium as a control under NIR illumination. (b) Western blot method to measure the Bax and
Bcl2 protein expression in MCF-7 cells at 24 h after treatment of GO or Apt-AuNP−GO (1.74 ug/mL in RPMI 1640 medium) coupled with NIR
illumination. (c) Cell viability of EA.hy926 cells was measured by MTT assay at 3−24 h after incubation with Apt-AuNP−GO (1.74 μg/mL), GO
(1.74 μg/mL) and RPMI 1640 medium as a control and coupled with NIR illumination. (d) Western blot images of HSP70 and HSP90 expression
in MCF-7 cell after treatment of Apt-AuNP−GO (1.74 μg/mL in RPMI 1640 medium) coupled with NIR illumination. (*P < 0.05).
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3.3. Targeting Ability and Selective Photothermal
Capability of Apt-AuNP−GO. To achieve a highly localized
thermal effect on breast tumor cells, we used surface-
immobilized MUC1 aptamers to specifically target MUC1-
positive breast cancer cells. First, we evaluated the expression of
MUC1 membrane proteins in MCF-7 cells and EA.hy926 cells
by immunolabeling and immunoblot analysis. Our results
indicate that only MCF-7 is MUC1-positive cell line (Figure S3,
Supporting Information).29,30 To further investigate the
targeting ability of Apt-AuNP−GO, RB molecules were loaded
onto Apt-AuNP−GO to form fluorescent RB/Apt-AuNP−GO.
As shown in Figure 3a, after being treated with RB/Apt-
AuNP−GO (1.74 μg/mL) for 24 h, EA.hy926 cells showed
very weak fluorescence. In contrast, RB emitted strong red
fluorescence, indicating that the RB/Apt-AuNP−GO has
bound to the surface of MCF-7 cells. We also evaluated the
binding specificity of GO, random single-stranded DNA-gold
nanoparticle-hybridized graphene oxide (rDNA-AuNP−GO)
to MCF-7 and EA.hy926 cells. Both MCF-7 and EA.hy926 cells
showed very weak fluorescence after treated with RB/rDNA-
AuNP−GO for 24 h (Figure 3a). In addition, flow cytometry
analysis indicated that a significant increase in fluorescence
intensity was observed in MCF-7 after labeling with RB/Apt-
AuNP−GO, but not in EA.hy926 cells (Figure 3b). We also
studied the selective photothermal heating effect of Apt-
AuNP−GO. As shown in Figure 3c, the temperature of
medium in Apt-AuNP−GO-treated MCF-7 cells were signifi-
cantly increased to ∼53 °C after continuous irradiation by NIR
for 5 min. Our results demonstrate that Apt-AuNP−GO can
selectively target MUC-1 positive cells (Figure 3). We also
tested the labeling of Apt-AuNP−GO to another MUC1-
postive breast cancer cell line (T47D cell). Our result (Figure
S4,Supporting Information) indicated RB/Apt-AuNP−GO
exhibits similar labeling efficiency for T47D cells when
compared to MCF-7 cells. The Apt-AuNP−GO nanocompo-
sites possess highly specific targeting capability to MUC1-
positive cancer cells. Therefore, we expect the damage of
normal cells was very low when using Apt-AuNP−GO
nanocomposites coupled with NIR illumination for targeted
photothermal therapy of tumors. The whole surfaces of AuNPs
were modified by aptamer molecules through Au−S bond to
form three-dimensional-like spherical aptamer-AuNP conju-
gates. In this study, the AuNPs (∼13 nm) were capped with
MUC1-binding-aptamer ligand with high density on its surface
(∼70 aptamer molecules per AuNP). The aptamer molecules
on the AuNPs that are opposite to aptamer-GO interaction side
retain their targeting ability to MUC1 proteins on cell
membranes. The ultrahigh aptamer density on the AuNP−
GO nanocomposites and the high local concentration of
flexible aptamer ligands enhance the cooperative binding
affinity for MUC1 on the cell membrane. Furthermore, the
Apt-AuNP−GO bound to the MUC-1 protein was then
internalized by MCF-7 cells. Most of the Apt-AuNP−GO
was confined to cytoplasm and did not enter the nucleus
(Figure 3d). The nanosheet structure of GO enables easy
adhesion on the plasma membrane and high uptake by
mammalian cells through endocytosis55 may contribute to the
strong affinity of Apt-AuNP−GO for human cancer cells.
Accordingly, Apt-AuNP−GO can be a potential drug carrier to
carry antitumor drugs into cell for breast cancer therapy. Our
results revealed that Apt-AuNP−GO exhibited both excellent
tumor targeting and photothermal heating properties toward
MCF-7 breast cancer cells.

3.4. Photothermal Therapy Effect and Bio-Safety of
Apt-AuNP−GO. After demonstrating the specific capture of
MCF-7 cells by Apt-AuNP−GO, we performed NIR
illumination experiments to evaluate whether Apt-AuNP−GO
can be used for photothermal therapy of MCF-7 breast cancer
cells. To examine the photothermal therapeutic response,
MCF-7 cells were treated with Apt-AuNP−GO or GO (1.74
μg/mL) for 24 h. After removing the nonbinding Apt-AuNP−
GO or GO, the cell cultures were irradiated by NIR for 5 min.
The cells were then incubated again at 37 °C for 3, 12, and 24 h
before determining the viability of MCF-7 cells by an MTT
assay. The results showed that Apt-AuNP−GO induced more
significant therapeutic effects than GO in MCF-7 cells (Figure
4a). In addition the relative MCF-7 cell viability decreased
continuously over time after treating with Apt-AuNP−GO and
NIR illumination (Figure 4a). This result suggests that
photothermal therapy induced by Apt-AuNP−GO led to
irreversible and serious damage to MCF-7 cells. To further
examine whether Apt-AuNP−GO coupled with NIR illumina-
tion induces cell death by apoptosis, we conducted a Western
blot analysis of apoptosis regulatory proteins, including Bax and
Bcl2. The decrease in the Bcl2/Bax ratio suggested Apt-AuNP−
GO coupled with NIR illumination induce apoptosis in MCF-7
cells (Figure 4b). The induction of apoptosis in target MCF-7
cells may be a better approach to cancer therapy because it will
not induce inflammation which may cause further distress or
injury within normal cells.56

To evaluate the biosafety of the photothermal therapy by
using Apt-AuNP−GO nanocomposites, we examined the
cytotoxic effect of EA.hy926 cells by using the same treatment
regime applied to MCF-7 cells. An MTT assay was also
performed to evaluate the cytotoxicity of EA.hy926 cells
following photothermal therapy. As shown in Figure 4c, Apt-
AuNP−GO did not induce any significant cytotoxic effects in
EA.hy926 cells because Apt-AuNP−GO could not bind to
MUC1-negative EA.hy926 cells. Our Apt-AuNP−GO possesses
several unique properties and functionalities, such as stability,
excellent light−heat conversion efficiency, tumor-targeting
properties and biosafety, which make it an ideal photothermal
agent for therapy of MUC1-overexpressing cancers.
It has been demonstrated that HSPs can act as key regulators

in the apoptosis pathway to prevent unintended cell death
induced by a given stress.57 Therefore, exploring the role of
HSPs (HSP70/90) in photothermal therapy and overcoming
the resistance of HSPs can help advance the potential of cancer
thermal therapy. As shown in Figure 4d, HSP70 expression
increased after 5 min of NIR irradiation, reaching a highest level
at 3 h, and decreased thereafter. It appears that the MCF-7 cells
tried to increase their HSP70 expression in the compensatory
stage (3 h). Once it was established that HSP70 could not
completely remove heat-induced damaged proteins, it was
determined that the MCF-7 cells had entered the decom-
pensatory stage (12 and 24 h) with reduced HSP70 expression,
which in turn induced irreversible damage to MCF-7 cells
(Figure 4a). However, we did not observe a significant change
in HSP90 expression relative to the expression level measured
for the control (β-actin) because HSP90 was expressed
constitutively and abundantly in MCF-7 cells (Figure 4d).37

Our findings reveal that HSP70 protein expression is a vital
heat-response protein in photothermal therapy of breast cancer
cells. Therefore, HSP70 inhibitors may be considered
promising compounds for promoting photothermal therapy
of breast cancer.
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3.5. HSPs Expression and Synergistic Effect of
Photothermal Therapy and HSPs Inhibitors. Numerous
studies have reported that overexpression of HSPs is correlated
with the therapeutic resistance of cancer cells.37−39 Neutraliza-
tion of HSPs is therefore an attractive strategy for enhancing
the photothermal therapeutic effects of cancer cells. However,
treatment with an HSP90 inhibitor strongly induces HSP70
expression, reducing the efficiency of photothermal ther-
apy.34,40,41 Therefore, clarifying the compensatory effects of
HSPs inhibitors in MCF-7 cells is a critical step for promoting
the therapeutic efficiency of combined photothermo/chemo-
therapy. To examine the compensatory effects, MCF-7 cells
were treated with Apt-AuNP−GO or GO (1.74 μg/mL) for 24
h. After removing the nonbinding Apt-AuNP−GO or GO, the
HSPs inhibitors-free and HSPs inhibitors-containing cell
cultures were irradiated by NIR for 5 min. As shown in Figure
5a, HSP70 inhibitor (VER-155008, 1 μM) did not induce any

compensatory expression of HSP70 or HSP90 in MCF-7 cells.
In addition, the compensatory effect of an HSP90 inhibitor (17-
AAG, 0.1 μM), strongly induces HSP70 expression, is
consistent with the results reported previously by Chatterjee
et al.41 Once again, we suggest that an HSP70 inhibitor has the
potential to serve as a better candidate than an HSP90 inhibitor
for promoting the therapeutic efficiency of photothermal
therapy for human breast cancer (Figures 4d and 5a).
In a proof-of-concept experiment concerning the inhibition

of HSP70 function to enhance the therapeutic effect induced by
photothermal therapy, MCF-7 cells were treated with Apt-
AuNP−GO coupled with NIR illumination and/or HSP
inhibitor. The temperatures of culture medium adjacent to

MCF-7 cells were about 53 °C in all treatment groups after
continuous NIR illumination for 5 min (Figure S5, Supporting
Information). In MTT assays (Figure 5b), we noted that the
relative viability of MCF-7 cells cotreated with Apt-AuNP−GO
(1.74 μg/mL) coupled with NIR laser irradiation and VER-
155008 decreased to 39%, much lower than that of cells treated
with Apt-AuNP−GO coupled with NIR laser irradiation (57%)
and VER-155008 (96%). However, cotreatment of MCF-7 cells
with Apt-AuNP−GO coupled with NIR laser irradiation and
17-AAG did not induce statistically significant changes in cell
viability compared with the treatment of MCF-7 cells with Apt-
AuNP−GO coupled with NIR laser irradiation. Our results
revealed that the combined use of Apt-AuNP−GO and HSP70
inhibitor has a synergistic therapeutic effect and is more
efficient than a single therapeutic agent for the treatment of
breast cancer.

4. CONCLUSION

In summary, we unveil the therapeutic effects of Apt-AuNP−
GO on MUC1-positive human breast cancer cells, which could
be used for photothermal therapy. The Apt-AuNP−GO
photothermal treatment resulted in the targeted inhibition of
breast cancer MCF-7 cell growth by inducing apoptosis. In
addition, the Apt-AuNP−GO was observed to possess an
excellent NIR photothermal energy conversion capability and is
able to induce a photothermal effect against breast cancer at
ultralow concentration without inducing cell death in healthy
cells. Furthermore, the absence of HSP70 protein induced by
Apt-AuNP−GO with NIR illumination may result in
irreversible cell death. Therefore, the degree and duration of
HSP70 protein expression are correlated with the therapeutic
effects against breast cancer for photothermal therapy. A
synergistic therapeutic effect was observed when using
hyperthermia and HSP70 inhibition, resulting in a significant
enhancement of breast cancer cell death. The HSP70 inhibitor,
which did not induce any compensatory effects, is a better
chemo-phototherapeutic agent than the HSP90 inhibitor in
combating human breast cancer. Our strategy could be
extended to the construction of HSP70 inhibitor-loaded Apt-
AuNP−GO for the synergistic therapeutic treatment of breast
cancer because the inhibitor-loaded material may selectively
deliver both heat and the HSP70 inhibitor to breast cancer cells
and further improve therapeutic effectiveness with minimal side
effects.
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Figure 5. HSP70/90 expression and synergistic effect of photothermal
therapy and HSP70/90 inhibitor. (a) Western blot images of HSP70
and HSP90 expression in MCF-7 cell 24 h after incubated with HSP70
inhibitor (VER-155008) or HSP90 inhibitor (17-AAG). (b) MTT
assay to measure the cell viability of MCF-7 cells at 24 h after treated
with VER-155008, 17-AAG and/or Apt-AuNP−GO (1.74 μg/mL in
RPMI 1640 medium) combined with NIR illumination. (*P < 0.05).
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