
KANG ET AL . VOL. 9 ’ NO. 10 ’ 9678–9690 ’ 2015

www.acsnano.org

9678

September 08, 2015

C 2015 American Chemical Society

Mesenchymal Stem Cells Aggregate
and Deliver Gold Nanoparticles to
Tumors for Photothermal Therapy
Seokyung Kang,†,0 Suk Ho Bhang,‡,0 Sekyu Hwang, ) Jeong-Kee Yoon,† Jaejung Song,^ Hyeon-Ki Jang,§

Sungjee Kim, ),^ and Byung-Soo Kim*,†,§,#

†School of Chemical and Biological Engineering, §Interdisciplinary Program for Bioengineering, and #Bio-MAX Institute, Institute for Chemical Processes, Seoul
National University, Seoul 151-742, Republic of Korea, ‡School of Chemical Engineering, Sungkyunkwan University, Suwon 440-746, Republic of Korea, and )School
of Chemistry and ^School of Interdisciplinary Bioscience and Bioengineering, Pohang University of Science & Technology (POSTECH), Pohang 790-784, Republic of
Korea. 0S. Kang and S. H. Bhang contributed equally to this work.

P
lasmonic photothermal therapy is a
spatiotemporally controllable strat-
egy for cancer treatment.1 The local-

ized heat is generated by photothermal
agents that can convert light to heat. This
can cause irreversible cell damage depend-
ing on the magnitude of the temperature
and exposure time. Near-infrared (NIR) laser
light is typically used to maximize the tissue
penetration, as skin and tissues minimally
absorb light at NIR wavelengths.2 Conven-
tional hyperthermia (43�48 �C) treatment
increases the rate of biochemical reactions,
which induces the generation of reactive
oxygen species. This oxidative stress gradu-
ally leads to the destruction of plasma
membranes, proteins, and nucleic acid.3,4

For direct cell necrosis, long-term exposures
(>60 min) to temperatures in this range are
required.4,5 On the other hand, tempera-
tures above 48 �C instantaneously cause
irreversible protein coagulation and DNA
damage that lead to cell death even for
short exposure times (4�6 min).4 The ad-
vantages of photothermal therapy to elim-
inate tumor tissues are spatiotemporal

controllability, minimal invasiveness, and
independence of tumor type.6

Gold nanoparticles (AuNPs) have been
intensively investigated as a photothermal
agent for photothermal cancer therapy.7�9

AuNPs efficiently generate heat by absorb-
ing the extrinsic light energy at the plasmo-
nic resonant wavelength. Previous studies
have reported on efficient photothermal
therapy using NIR-responsive gold nano-
structures such as nanoshells,10 nanorods,11

and nanomatryoshkas.12 Here, we used
previously developed pH-sensitive AuNPs
(PSAuNPs) that selectively aggregate under
mild acidic conditions.9 The PSAuNPs con-
sist of∼10 nmgold nanospheres, which can
be easily synthesized in large scale,13 and
pH-susceptible surface ligands. Under mild
acidic conditions, such as the pH in cellular
acidic endosomes/lysosomes, the nega-
tively charged surfaces of PSAuNPs are con-
verted to positive and negative charges,
which rapidly causes aggregation of the
nanoparticles through electrostatic interac-
tions. As the aggregation of AuNPs induces
the absorption red-shift to the NIR region,
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ABSTRACT Gold nanoparticles (AuNPs) have been extensively studied for photothermal cancer therapy

because AuNPs can generate heat upon near-infrared irradiation. However, improving their tumor-targeting

efficiency and optimizing the nanoparticle size for maximizing the photothermal effect remain challenging. We

demonstrate that mesenchymal stem cells (MSCs) can aggregate pH-sensitive gold nanoparticles (PSAuNPs) in

mildly acidic endosomes, target tumors, and be used for photothermal therapy. These aggregated structures had a

higher cellular retention in comparison to pH-insensitive, control AuNPs (cAuNPs), which is important for the cell-

based delivery process. PSAuNP-laden MSCs (MSC-PSAuNPs) injected intravenously to tumor-bearing mice show a

37-fold higher tumor-targeting efficiency (5.6% of the injected dose) and 8.3 �C higher heat generation compared
to injections of cAuNPs after irradiation, which results in a significantly enhanced anticancer effect.

KEYWORDS: gold nanoparticles . mesenchymal stem cells . pH-sensitive . photothermal therapy . tumor tropism

A
RTIC

LE



KANG ET AL . VOL. 9 ’ NO. 10 ’ 9678–9690 ’ 2015

www.acsnano.org

9679

PSAuNP aggregates exhibit stronger photothermal
effects upon NIR irradiation compared to unmodified
AuNPs.9 Although various gold nanostructures that can
efficiently generate heat upon NIR laser irradiation
have been developed, it still remains challenging to
improve the tumor-targeting efficiency and intratu-
moral distribution of these nanostructures for effective
photothermal treatment.
Tumor-tropic cells including macrophages14�16 and

neural stem cells (NSCs)17 have been used as delivery
vehicles that can transport nanoparticle to tumor
tissues. Macrophages loaded with gold nanoshells
migrated within glioma spheroids in vitro and gener-
ated heat upon laser irradiation.14,15 Tumor-tropic
properties of macrophages were demonstrated in a
brain-tumor-bearing mouse model.16 Gold-nanoshell-
laden macrophages migrated into brain tumors by
traversing the blood�brain barrier, meanwhile intratu-
moral injection of gold-nanorod-loaded NSCs improved
the intratumoral distribution of the nanorods and
consequently enhanced the photothermal therapeutic
efficacy.17 Here, we used tumor-tropic mesenchymal
stem cells (MSCs) to aggregate and deliver AuNPs to
tumors. Furthermore, MSCs can be easily isolated from
patients and extensively expanded in vitro.18 MSCs also
exhibit minimal immunogenicity and even immunosup-
pressive property upon transplantation.18,19 Therefore,
AuNP-ladenMSCs can serve as a stealth vehicle to deliver
AuNPs to tumors, as they can avoid the surveillance of
immune cells to safely arrive at the target tumor tissues.
In cell-mediated nanoparticle delivery systems,

it is important to retain the loaded AuNPs within cells
during their migration to the tumor tissues because
nanoparticles can easily escape from cells through
exocytosis.20 This lowers the tumor-targeting effi-
ciency of the nanoparticles. The endocytosis and exo-
cytosis of nanoparticles depend on the size and shape
of the nanoparticles.20,21 Spherical-shaped PSAuNPs
can be efficiently endocytosed into cells, and the
formation of large-sized PSAuNP aggregates in cells can
prevent their exocytosis,20,21 consequently enhancing
cellular retention. In this study, we hypothesized that
MSCs loaded with PSAuNPs (MSC-PSAuNPs) would en-
hance the tumor-targeting efficiency and the plasmonic
photothermal effect of AuNPs by inducing the aggrega-
tion of AuNPs within the MSCs and reducing AuNP
exocytosis. First, we investigated whether high loading
of PSAuNPs in MSCs could be obtained by efficiently
reducing the exocytosis of PSAuNPs via PSAuNP aggre-
gation in theMSCs (seemechanism in Figure 1). Then, we
investigatedwhether the in vitrophotothermal capability
of the PSAuNP aggregates in MSCs, which were larger in
size thanpH-insensitive, control AuNPs (cAuNPs) inMSCs,
was improved. Following intravenous injection of MSC-
PSAuNPs into tumor-bearingmice, we demonstrated the
high tumor-targeting efficiency of the MSC-PSAuNPs via
imaging and investigated the biodistributions of AuNPs

in the tumor tissues and distant organs. The enhanced
photothermal therapeutic efficiency of the MSC-PSAuNP
was demonstrated by observing the prognosis for
21 days and performing gene expression and histo-
logical analysis.

RESULTS AND DISCUSSION

Characterization of PSAuNPs. PSAuNPs were prepared
using the method described in our previous report.9

The pH-sensitive aggregation of PSAuNPs was exam-
ined in buffer solutions under pH 7.4 or 5.5. We ob-
served the surface plasmon resonance of the AuNPs
by monitoring the absorption over time. The cAuNPs
exhibited no noticeable absorption change in both the
pH 5.5 and pH 7.4 buffer environments (Figure 2a).
In contrast, the PSAuNPs in the pH 5.5 environment ex-
hibited a continuous absorption red-shift and broad-
ening over time, although in the pH 7.4 environment
they exhibited negligible absorption change (Figure 2a).
These results indicate a pH-sensitive aggregation of
the PSAuNPs, as the broadening red-shifted absorption
is attributed to the coupled plasmons between closely
located AuNPs.9 The zeta-potential and the hydrody-
namic size of the AuNPs were measured over time in
the pH 5.5 and pH 7.4 environments. Although the
zeta-potential of the cAuNPs was �30 mV under both
pH conditions, the PSAuNPs in the pH 5.5 exhibited
significant changes in the zeta-potential from�30 mV
to �9 mV (Figure 2b). This indicates that the surface
charge of the PSAuNPs was partially converted from
negative to positive under mild acidic conditions. The
hydrodynamic size changes coincided with the zeta-
potential. The cAuNPs retained their initial hydrody-
namic size (14 nm) throughout the period (Figure 2c).
In contrast, the PSAuNPs in pH 5.5 exhibited a rapid
increase in hydrodynamic size from 14 nm to 90 nm
within 30 min, whereas there was no noticeable
change in pH 7.4 (Figure 2c). The transmission electron
microscopy (TEM) analysis further confirmed the ag-
gregation of PSAuNPs under acidic conditions. In the
pH 5.5 environment, the PSAuNPs clustered over time,
whereas no noticeable size change was observed for
the cAuNPs (Figure 2d). Taken together, these results
demonstrate that the PSAuNPs are indeed pH-sensitive.

To compare the properties of PSAuNPs and cAuNPs
at the cellular level, PSAuNPs or cAuNPs were added to
MSC culture. The TEM analysis revealed PSAuNP ag-
gregates that were >200 nm in diameter within the
intracellular vesicles (Figure 2e, Supporting Informa-
tion Figure S1). The pH-sensitive aggregation property
of the PSAuNPs likely led to the formation of PSAuNP
clusters in the acidic endosomes of the MSCs. Next, the
cellular uptake of the AuNPs was quantitatively eval-
uated using ICP-AES after incubating theMSCswith the
same concentration of PSAuNPs or cAuNPs for 24 h.
The MSCs treated with PSAuNPs exhibited a 4-fold
higher accumulation than those treated with cAuNPs
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(Figure 2f). A possible explanation for the increased
content of AuNPs in theMSCs is the suppression of AuNP
exocytosis. To examine the dynamics of AuNP exocytosis,
theMSCswere culturedwith PSAuNPs or cAuNPs for 24 h
and washed three times to remove the noninternalized
AuNPs. After replenishing the culture dish with fresh
medium, the quantity of AuNPs in the MSCs was deter-
mined via ICP-AES at various culture time points
(Figure 2g). We calculated the fraction of exocytosed
AuNPs (Fexo) using the previously described equation:20

Fexo ¼ Nout

N0

where Nout is the quantity of AuNPs exocytosed from the
MSCs at time t and N0 is the initial quantity of AuNPs

contained in theMSCs. Interestingly, a lower fraction of
the PSAuNPs was exocytosed and at a slower rate
compared to the cAuNPs (Figure 2g). At 72 h, the
exocytosed fraction of the PSAuNPs (29%) was only
half of that of the cAuNPs (60%). From the exocytosis
kinetics, we inferred the half-life of the AuNPs, which
was defined as the time taken to reach half of the
fraction of exocytosed AuNPs at steady state.20 The
half-life values of the cAuNPs and PSAuNPs were 0.58
and 1.90 h, respectively. This result confirmed that the
exocytosis rate of the PSAuNPs was much slower than
that of the cAuNPs. Previous studies have demon-
strated that both endocytosis and exocytosis of nano-
particles occur in a size-dependent manner.20,21

Nanoparticles with diameters smaller than 100 nm

Figure 1. Schematic illustration of the working mechanisms of the improved tumor-targeting efficiency and photothermal
effect of the AuNPs by employing pH-sensitive AuNP-laden mesenchymal stem cells (MSC-PSAuNPs). Unlike cAuNPs,
PSAuNPs change their surface charge from negative charge to a mixture of negative and positive charges because some
of the citraconic amide is hydrolyzed at a mild acidic condition. This partial hydrolysis of the PSAuNPs' surface ligands causes
AuNP aggregation through electrostatic interactions. The AuNPs can be taken up by MSCs and delivered to the target tumor
region via the tumor-tropic properties of MSCs. pH-insensitive cAuNPs are easily exocytosed fromMSCs, which results in low
tumor-targeting efficiency, and induce poor photothermal effects due to their small size and low tumor-targeting efficiency.
In contrast, the cancer treatment strategy using MSC-PSAuNPs can enhance the anticancer therapeutic effects, as the
PSAuNPs cluster together in acidic endosomes in the MSCs, which enhances the tumor-targeting efficiency of AuNPs via
preventing exocytosis and increases the photothermal effect via the stronger resonant absorption.
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are not only more easily taken up by cells21 but also
more easily released from the cells.20 The PSAuNPs
exhibit ambivalent characteristics, which can lead to
effective intracellular accumulation of AuNPs. Once the

PSAuNPs (14 nm in size) at physiological pH are
efficiently endocytosed, the PSAuNPs aggregates
(>100 nm in size) are formed in acidic endosomes
and poorly exocytosed.

Figure 2. pH-dependent aggregation, exocytosis, and photothermal properties of the PSAuNPs in the MSCs. (a) Time
evolution of absorption at pH 7.4 and pH 5.5 for cAuNPs and PSAuNPs. (b) Zeta-potential and (c) hydrodynamic size of the
cAuNPs (left) and PSAuNPs (right) at pH 5.5 and pH 7.4. (d) TEM images of the cAuNPs and the PSAuNPs at pH 5.5 for various
elapsed times. (e) TEM images showing the intracellular localization of AuNPs (arrows) after incubating the MSCs with the
same concentration of cAuNPs or PSAuNPs for 24 h. Scale bars = 200 nm. (f) Intracellular amounts of AuNPs after incubating
theMSCs with the same concentration (100 μg/mL) of cAuNPs or PSAuNPs for 24 h, as evaluated via ICP-AES (n = 4). *p < 0.05.
(g) Time profiles of AuNP exocytosis (n = 4) and the intracellular amounts of AuNPs in the MSCs at t = 72 h (n = 4). The MSCs
were culturedwith the same concentration of PSAuNPs or cAuNPs for 24 h and then washed to eliminate the noninternalized
AuNPs. After replenishing the culture dish with fresh medium, the amount of AuNPs in the cells was determined via ICP-AES
over time to evaluate the exocytosed AuNPs at various time points (t). *p < 0.05. (h) Temperature profiles of the AuNP-laden
MSCs during the laser irradiations (n = 5). *p < 0.05 versus any group, #p < 0.05 versus MSC-cAuNP 90 μg/mL group.
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The in vitro photothermal effect of the PSAuNP-
laden MSCs was evaluated via a real-time infrared
thermal imaging system during 660 nm laser irradia-
tion at a power density of 0.5 W/cm2 (Figure 2h). The
temperature profiles of the MSCs following treat-
ment with various concentrations of PSAuNP (30 or
90 μg/mL) or cAuNP (90 μg/mL) were observed for
100 s of laser irradiation. The photothermal effect
of the AuNPs depends on the size and amount of
AuNPs.7,22,23 The resonant absorption properties of
AuNPs induce heat generation upon laser irradiation.24

As the diameter of AuNPs increases, the surface plas-
mon absorption is red-shifted toward the NIR region
(Figure 2a). Therefore, with NIR laser irradiation,
PSAuNP aggregates with larger diameters yield higher
light-to-heat conversion than AuNPs with smaller diam-
eters. The temperatures of the MSCs treated with
the same concentration (90 μg/mL) of PSAuNPs and
cAuNPs increased to 49.3 and 40.3 �C, respectively,
after 100 s of irradiation (Figure 2h). The higher tem-
perature in the MSC-PSAuNP 90 μg/mL group is attrib-
uted to the larger intracellular amount and size of
the PSAuNPs. In addition, the MSC-PSAuNP 30 μg/mL
group exhibited a higher temperature profile com-
pared to the MSC-cAuNP 90 μg/mL group (Figure 2h).

Optimizing the PSAuNP Dose and Multiple Treatments. To
maximize the quantity of PSAuNPs loaded in the MSCs,
the PSAuNP dose and the PSAuNP treatment method
must be optimized. The MSCs were incubated with
various concentrations of PSAuNPs for 24 h. The cell
viability was then evaluated using a cell counting kit-8
(CCK-8). Compared to the no-treatment group, the
MSCs treated with 500 μg/mL PSAuNPs exhibited a
significantly reduced cell viability (Figure 3a). However,
100 μg/mL PSAuNPs did not cause cytotoxicity, mean-
while theMSCs treatedwith 500μg/mL cAuNPs did not
exhibit cytotoxicity (Supporting Information Figure S2),
which is likely due to cellular uptake of much lower
amounts of cAuNPs compared to PSAuNPs (Figure 2f).
A previous study has demonstrated that the negatively
charged AuNPs, such as cAuNPs and PSAuNPs, can
cause a dose-dependent cytotoxicity.25 When a large
amount of the negatively charged AuNPs are interna-
lized into cells, the stressed mitochondria increase the
intracellular amount of calcium ions.25 Consequently,
the cells treated with a large amount of the negatively
charged AuNPs undergo calcium-evoked apoptosis.

Next, we investigated whether multiple treatments
of MSCs with PSAuNPs increase the intracellular load-
ing of PSAuNPs in vitro. In previous studies, cells have
been subjected to only a single treatment of nanopar-
ticles for cellular uptake.14,26,27 MSCs were incubated
with PSAuNPs for 2 days and then replenished with
fresh medium containing new PSAuNPs. This proce-
dure was carried out three times. The cell viability
and apoptotic activity were assessed using live/dead
imaging, Western blotting, quantitative real-time PCR

(qRT-PCR), and immunocytochemical staining. The
live/dead cell staining indicated that the three con-
secutive treatments with 100 μg/mL PSAuNPs caused
cytotoxicity (Figure 3b). The Western blot analysis for a
pro-apoptotic marker (caspase-3) and a proliferating
cell nuclear antigen (PCNA) also demonstrated that the
three consecutive treatments with 100 μg/mL PSAuNPs
induced apoptotic activity and decreased the proliferat-
ing capability (Figure 3c). Furthermore, the MSCs trea-
ted with 100 μg/mL PSAuNPs three times exhibited
increased mRNA expression of p53, a pro-apoptotic
marker, and decreased expression of Bcl-2, an anti-
apoptotic marker, compared to the other groups
(Figure 3d). The number of caspase-3-positive cells
was significantly increased in the 100 μg/mL PSAuNP �
3 group compared to the 50 μg/mL PSAuNP� 3 group
(Figure 3e). These analyses confirmed that 50 μg/mL of
PSAuNPs is a suitable concentration for the three
repeated treatments because cell viability, proliferation,
and apoptosis of the 50 μg/mL PSAuNP� 3 group were
not significantly different compared to the no-treatment
group (Figure 3b�e), meanwhile the three consecutive
treatments with 50 μg/mL cAuNPs also did not cause
cytotoxicity, but the 100 μg/mL cAuNP � 3 group exhi-
bited a significantly reduced cell viability according to
the CCK-8 (Supporting Information Figure S2).

Multiple treatments of MSCs with PSAuNPs in-
creased intracellular loading of the PSAuNPs in vitro.
The TEM analysis revealed that the intracellular
amount of PSAuNP aggregates was increased in the
MSC-PSAuNP 50 μg/mL � 3 group compared to the
MSC-PSAuNP 150 μg/mL� 1 group (Figure 3f). The ICP-
AES analysis for quantifying the intracellular PSAuNP
content indicated that the MSC-PSAuNP 50 μg/mL �
3 group corresponded to 14.8-fold and 6.0-fold higher
intracellular contents of PSAuNPs compared to the
MSC-PSAuNP 50 μg/mL� 1 group and theMSC-PSAuNP
150 μg/mL � 1 group, respectively (Figure 3g). The
PSAuNP content in cells in the 150 μg/mL PSAuNP
treatment group was much smaller than that in the
50 μg/mL PSAuNP � 3 group (Figure 3g). This was
likely due to the higher toxicity of the 150 μg/mL
PSAuNP treatment compared to that of the 50 μg/mL
PSAuNP� 3 treatment (Figure 3c�e). For the determi-
nation of intracellular AuNP contents, cells were
washed with PBS three times. In this procedure, a large
amount of PSAuNPs was likely washed out from the
dead cells in the 150 μg/mL PSAuNP treatment group,
which contains more dead cells than the 50 μg/mL
PSAuNP � 3 treatment group. As shown in the TEM
images (Figure 3f), the PSAuNPs in the MSCs were
located in vesicles, which indicates that the PSAuNPs
were internalized primarily via endocytosis.28 In this
pathway of cellular uptake, specific regions of the
plasmamembranewrap around the PSAuNPs and then
detach to form internalized vesicles. As the surface area
and the recovery time of the plasma membrane are
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Figure 3. PSAuNP dose optimization and multiple treatments. Cytotoxicity of the PSAuNPs at various concentrations, which
was evaluated by determining the viability of the MSCs according to (a) cell counting kit-8 assay following culture for 1 day
with various concentrations of PSAuNPs. *p<0.05 versus any group. (b) Fluorescence images of theMSCs stainedwith FDA/EB
after three treatments with various concentrations of PSAuNPs. Green and red indicate viable and dead cells, respectively.
Scale bars = 100 μm. (c) Apoptotic and proliferation activity of the MSCs after one or three treatments with various
concentrations of PSAuNPs, as evaluated viaWestern blotting for a pro-apoptotic marker (caspase-3) and a cell proliferating
marker (PCNA). *p < 0.05 versus the 100 μg/mL � 3 or the 150 μg/mL group. #p < 0.05 versus the no-treatment group.
The apoptotic activity of theMSCs after one or three treatments with various concentrations of PSAuNPs, as evaluated (d) via
qRT-PCR for a pro-apoptotic marker (p53) and an anti-apoptotic marker (Bcl-2) or (e) via immunocytochemical staining
for caspase-3 (red). The cell nuclei are stainedwith DAPI (blue). Scale bars = 100 μm. *p < 0.05 versus the 100 μg/mL� 3 or the
150μg/mLgroup. #p<0.05 versus the no-treatment group. (f) TEM images showing the intracellular localizationof PSAuNPs in
the MSCs after a single treatment with 150 μg/mL PSAuNPs or three consecutive treatments with 50 μg/mL PSAuNPs.
The magnified images show the representative PSAuNP aggregates. (g) Intracellular amounts of PSAuNPs in the MSCs after
a single treatment or three consecutive treatments with various concentrations of PSAuNPs, as evaluated via ICP-AES (n = 4).
*p < 0.05 versus the 50 μg/mL � 3 group.
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restricted,28 the endocytosis efficiency is limited.
Therefore, the cells treated with a low concentration
of nanoparticles for a longer time period internalize
more nanoparticles than those treated with a high
concentration of nanoparticles for a short time period.

In Vitro Photothermal Capability. Wenext compared the
photothermal effects of a single treatment and multi-
ple treatments of MSCs with PSAuNPs by measuring
the temperature rise after laser irradiation (660 nm,
0.5 W/cm2) (Figure 4). The MSCs treated with a single
dose of 50 μg/mL PSAuNPs exhibited a temperature
increase of 16 �C, after 100 s of irradiation. Interestingly,
theMSCs treated with 50 μg/mL PSAuNP� 3 exhibited
a rapid temperature increase of 43 �C. This result
demonstrated that the MSC treatments with PSAuNPs
three times significantly enhanced the photothermal
capability compared to the single treatment, which is
attributed to the increased intracellular loading of
PSAuNPs due to the multiple treatments.

In Vivo Tumor-Targeting Effect and Biodistributions of MSC-
PSAuNPs. We next investigated the tumor-targeting effi-
ciency and the biodistributions of the MSC-PSAuNPs

after intravenous administration to tumor-bearingmice.
Tumors were generated via subcutaneous injection
of human fibrosarcoma cell line (HT-1080 cells) to both
flanks of athymic mice. After the tumors reached a
proper volume, MSCs labeled with fluorescence were
intravenously injected through the tail vein. First,
the biodistributions of MSCs and MSC-PSAuNPs in the
tumor-bearing mice were examined using a real-time
live imaging system at 1, 3, and 7 days postinjection
(Figure 5a). No signal was detected in the phosphate-
buffered saline (PBS) injection control group. In contrast,
the MSC and MSC-PSAuNP injection groups showed
clear fluorescent signals and exhibited similar distribu-
tion patterns. At 1 day postinjection, the fluorescent
signals were detected in both tumor and normal tissues.
The signals were strongly detected only in tumor re-
gions at 3 days postinjection and slightly decreased at
7 days postinjection. This result indicated that the num-
ber of MSCs or PSAuNP-ladenMSCs in the tumor tissues
reached a peak at 3 days postinjection. Furthermore, the
tumor-tropic properties of MSCs were maintained even
after MSCs were loaded with PSAuNPs.

Figure 4. Photothermal effects of a single treatment and three consecutive treatments of MSCs with PSAuNPs. Temperatures
were measured during laser irradiation (n = 5). *p < 0.05 versus any other group. DW indicates distilled water.

Figure 5. In vivo tumor-targeting and biodistributions of the AuNPs. (a) In vivo distribution of MSCs and MSC-PSAuNPs at
various time points following intravenous injection into tumor-bearingmice. (b) Accumulation of AuNPs in the tumor 3 days
after the intravenous injection, as evaluated viamicro-CT imaging. Yellow indicates the AuNPs in the tumor. Scale bar = 3mm.
(c) Biodistributions of the AuNPs in the tumor tissues and major organs 3 days after intravenous injection of cAuNPs, MSC-
cAuNPs, PSAuNPs, or MSC-PSAuNPs into tumor-bearing mice, as evaluated via ICP-AES (n = 3). *p < 0.05 versus any other
group. #p < 0.05 versus the cAuNP group.
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Previous studies have demonstrated that MSCs
preferentially migrate to tumor regions regardless of
the tumor type.29�31 The tumor tropism ofMSCs involves
interactions between the chemokines released from tu-
mor tissues and the chemokine receptors expressed on
the surfaces ofMSCs. Tumor-secreted factors enhance the
expression of CXC and CC receptors and activate growth
factor receptors or toll-like receptors of MSCs.32�36 MSCs
then become more sensitized to chemoattractants, in-
cluding CCL2,32 CXCL8,33 RANTES (CCL5),34 PDGF-bb,35

IGF-1,34 and VEGF,36 which are released from tumor
tissues. These interactions between MSCs and tumor
tissues increase the tumor-targeting efficiency of
AuNPs in MSC-mediated AuNP delivery systems.

Next, to qualitatively investigate the in vivo tumor-
targeting efficiency, the AuNPs in tumor tissues were
imaged using micro-CT at 3 days after intravenous
injection of either PBS, cAuNPs, MSC-cAuNPs, PSAuNPs,
or MSC-PSAuNPs (Figure 5b). The micro-CT analysis
showed that the injection of MSC-PSAuNPs resulted in
the accumulation of a higher amount of AuNPs in the
tumor tissues compared to the other groups. Further-
more, theMSC-PSAuNP group showed an even distribu-
tion of AuNPs within the tumor tissues. The improved
intratumoral distribution of AuNPs facilitates a uniform
temperature increase throughout the tumor tissues and
consequently enhances the efficacy of photothermal
cancer therapy.17

To investigate the biodistributions of the MSC-
PSAuNPs following intravenous injection into tumor-
bearing mice, the amount of AuNPs localized in the
tumor tissues and major organs (spleen, liver, kidney,
lung, heart, and brain) was determined using ICP-AES
at 3 days postinjection (Figure 5c). All of the groups
exhibited large amounts of AuNPs accumulated in the
reticuloendothelial (spleen, liver, and lung) and urinary
(kidney) systems, which is in accordance with the
results of a previous study.26 For the AuNP accumula-
tion in the tumors, theMSC-PSAuNP group showed the
highest tumor-targeting efficiency of 5.6 ( 2.1% ID
(injected dose), which was 37-fold higher than that
of the cAuNP group. The tumor-targeting efficiency
of AuNPs in our MSC-PSAuNP system is even higher
than that of a previous study (2�3% ID) in which
AuNPs were decorated with a tumor-targeting moiety
(transferrin).37 Furthermore, the tumor-targeting effi-
ciency of the MSC-PSAuNP group was 6.8-fold and
5.7-fold higher than the MSC-cAuNP group and the
PSAuNP group, respectively. This result indicates that
the tumor-targeting efficiency of AuNPs can be max-
imized when PSAuNPs and MSCs are applied together.
The highest tumor-targeting efficiency ofMSC-PSAuNPs
is likely attributed to the tumor-tropic properties of
MSCs and the prevention of AuNP exocytosis via

forming PSAuNP aggregates. Taken together, the
MSC-PSAuNP system significantly enhanced the tumor-
targeting efficiency of AuNPs.

In Vivo Photothermal Efficiency. The photothermal effi-
ciency of the MSC-PSAuNPs was examined in a tumor-
bearing mouse model. As shown in Figure 6a, MSCs
were treated with medium containing 50 μg/mL
PSAuNPs or cAuNPs three times for 2 days each. After
the tumor reached a diameter of 7 mm, the PSAuNP-
laden MSCs were injected intravenously. As controls,
PBS, cAuNPs, MSC-cAuNPs, or PSAuNPs were also
injected. At 3 days postinjection, the tumors were
irradiated with a 660 nm laser at a power density of
0.5 W/cm2 for 60 s. Since the real-time infrared thermal
imaging system measures the skin temperatures only,
the temperatures in the tumor tissues would be higher
than the recorded values. As shown in Figure 6b, the
MSC-PSAuNP group exhibited the largest temperature
increase of 23.3 �C. This result is likely attributed to
the improved tumor-targeting efficiency and photo-
thermal effect of AuNPs via tumor tropism of MSCs,
formation of the AuNP aggregates in MSCs, and pre-
vention of AuNP exocytosis. Although laser irradiation
in the PBS, MSC, cAuNP, and MSC-cAuNP groups in-
ducedcomparable temperature increasesof13.4�15.3 �C,

Figure 6. In vivo photothermal efficiency. (a) Schematic
illustration of photothermal cancer therapy using the
MSC-PSAuNPs. The MSCs were treated three times with
50 μg/mL PSAuNPs for 2 days each and then intravenously
injected into tumor-bearing mice. After 3 days, the tumors
were exposed to NIR laser light for 60 s under anesthesia.
(b) Real-time infrared thermal images and temperature
increases at the tumor sites after irradiation for 60 s
(n = 4). **p < 0.05 versus any other group, *p < 0.05 versus
any other group except the MSC-cAuNP group, #p < 0.05
versus any other group except the PSAuNP group.
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the PSAuNP group showed a larger temperature in-
crease of 17.0 �C (Figure 6b). This result is likely attrib-
uted to the larger size of the PSAuNP aggregates
compared to the cAuNP.

In Vivo Photothermal Cancer Therapy. We next evaluated
the in vivo anticancer therapeutic efficacy of the MSC-
PSAuNPs. The tumor-bearing mice were randomly
divided into 12 groups according to the intravenously
injected material type (PBS, MSC, cAuNP, MSC-cAuNP,

PSAuNP, or MSC-PSAuNP) with or without laser irradia-
tion. At 3 days postinjection, a selection of the mice
were exposed to laser irradiation (660 nm, 0.5 W/cm2)
for 60 s, and all of the mice were observed for 21 days
(Figure 7a, Supporting Information Figure S3). Themice
in the MSC-PSAuNP (Lþ) group exhibited scabs in the
tumor region (Figure 7a) and an imperceptible tumor
size at day 9 (Figure 7b). At day 21, no signs of tumor
tissues were observed in most of the mice (Figure 7b).

Figure 7. In vivophotothermal therapeutic effects. (a) Representative images of the laser irradiationgroups andMSC-PSAuNP
(L�) group at day 9 and 21. Magnified images indicate the tumor regions. Lþ refers to laser irradiation, and L� refers to
no laser irradiation. (b) Volume profiles of each tumor tissue over 21 days after laser irradiation (n = 8). *p < 0.05 versus any
other group. (c) Apoptotic activity in the tumor tissues at day 9, as evaluated via qRT-PCR analysis for p32 and caspase-3
(n = 4). *p < 0.05 versus any other group. (d) Hematoxylin and eosin staining images of thin sections of the tumor tissues with
or without irradiation at day 21. Scale bar = 100 μm.
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Compared to the MSC-PSAuNP (Lþ) group, the other
irradiation groups showed 9.4- to 13.7-fold larger
tumor volumes at day 21 (Figure 7b).

There is a controversy about the function ofMSCs in
tumor growth.38 Previous studies have demonstrated
that MSCs exhibited an antitumor effect by inhibiting
angiogenesis39 and inducing apoptosis of tumor cells
in a cell-number-dependent manner.40 In contrast, the
pro-tumor effect of MSCs was demonstrated in other
studies.41,42 MSCs promoted proliferation and metas-
tasis of tumor cells in osteosarcoma41 and colon
carcinoma models.42 In our study, the MSC (L�) group
showed comparable tumor growth to the PBS (L�)
group (Figure 7b), which indicated that MSCs did not
affect the tumor growth.

To understand the pathological mechanisms of the
photothermal therapy of theMSC-PSAuNPs, themRNA
expression levels of p32 and caspase-3 in the tumor
tissues were examined using qRT-PCR. The gene ex-
pressions of p32 and caspase-3 are induced by thermal
stress43 and apoptosis signaling,44 respectively. As
shown in Figure 7c, only the laser irradiation groups
exhibited perceptible levels of p32 mRNA expression.
The MSC-PSAuNP (Lþ) group showed the greatest
upregulated expression of p32 compared to the other
laser irradiation groups. Furthermore, the mRNA ex-
pression levels of caspase-3 were similar to those of
p32 (Figure 7c). TheMSC-PSAuNP (Lþ) group exhibited
the highest expression of caspase-3. These results
demonstrated that MSC-PSAuNP (Lþ) induced the

most fatal thermal stress, which promoted apoptosis
signaling in the tumor tissues. Histological analysis of
the tumor tissues indicated that the PSAuNP (Lþ) and
MSC-PSAuNP (Lþ) groups exhibited partial and nearly
complete destruction of the tumor cells, respectively
(Figure 7d). In the other group, cytotoxic damage was
not observed. Meanwhile, photothermal cancer therapy
may not cause tumor cell dispersion that encourages
metastatic tumor repopulation at distal sites, as a previous
study reported that photothermal therapy slightly inhib-
ited metastatic tumor growth by releasing tumor-asso-
ciated antigens and inducing immunological responses.45

CONCLUSIONS

In this study, we demonstrate that the tumor-
targeting efficiency and photothermal effect of
AuNP-mediated anticancer therapy can be greatly
improved by employing PSAuNPs and MSCs. PSAuNPs
loaded into MSCs cluster together likely in acidic
endosomes. We show that PSAuNP-laden MSCs deliv-
ered AuNPs at a high efficiency (5.6% ID) to targeted
tumor tissues due to the tumor-tropic properties of
MSCs and the prevention of the exocytosis of large
PSAuNP aggregates. The high tumor-targeting effi-
ciency and the large PSAuNP aggregates led to a
dramatically enhanced photothermal efficiency and
increased anticancer therapeutic efficacy upon NIR
laser irradiation on tumor-bearing mice. This material-
and cell-based anticancer therapy may be used in the
future for successful cancer treatments.

METHODS
Cell Culture. Human MSCs (hMSCs) and the human fibrosar-

coma cell line (HT-1080) were purchased from Lonza (USA) and
American Type Culture Collection (ATCC; USA), respectively.
MSCs and HT-1080 cells were cultured in Dulbecco's modified
Eagle's medium (Gibco BRL, USA) supplemented with 10% (v/v)
fetal bovine serum (Gibco BRL) and 1% (v/v) penicillin/strepto-
mycin (Gibco BRL). The cells are incubated at 37 �C with 5% CO2

saturation. The medium was changed every 2 days. After four
passages, the hMSCs were used for experiments.

Synthesis and Characterization of cAuNPs and PSAuNPs. To syn-
thesize the cAuNPs, 5 mL of a 60 nM 10 nm-sized citrate AuNP
solution was adjusted to pH 10.5 using a 1 M NaOH aqueous
solution (Sigma-Aldrich, USA), and a 100 mM 11-mercaptoun-
decanoic acid (MUA) solution (300 μL, 30 μmol, Sigma-Aldrich)
in methanol was added. The mixture was stirred at room
temperature for 19 h and centrifuged at 1400g for 5 min to
remove the excess solid MUA. The reaction solution was
dialyzed using Amicon ultracentrifugal filters (100 kDa Mw
cutoff) for purification. To prepare the PSAuNPs, 4-(2-(6,8-
dimercaptooctanamido)ethylamino)-3-methyl-4-oxobut-2-enoic
acid (pH-sensitive ligand) was synthesized as previously
described.9 (()-R-Lipoic acid (2.00 g, 9.70 mmol, Sigma-Aldrich)
was dissolved in 12 mL of anhydrous chloroform. Then, 1,1-
carbonyldiimidazole (2.00 g, 12.3 mmol, Sigma-Aldrich) was
added to the lipoic acid solution, and the solution was stirred
for 5 min at room temperature. The resultant solution was
added into ethylenediamine (3.5 mL, 48.4 mmol) and stirred
for 40 min in an ice bath and for another 30 min at room
temperature. The crude product was washed three times with
10% (w/v) NaCl aqueous solution and once with water. It was

dried with sodium sulfate, and the solvent was removed using a
rotary evaporator to obtain N-(2-aminoethyl)-5-(1,2-dithiolan-3-
yl)pentanamide. Citraconic anhydride (0. 68 mL, 7.5 mmol)
was added dropwise into 15 mL of an anhydrous chloroform
solution of N-(2-aminoethyl)-5-(1,2-dithiolan-3-yl)pentanamide
(5.0 mmol). The solution was stirred overnight at room tem-
perature. The precipitate was filtered and washed with anhy-
drous chloroform. The synthesized product (0.26 g, 0.72 mmol)
was dissolved in 5 mL of water, and the pH was adjusted to
10 using a 2 M NaOH aqueous solution. An equal molar amount
of sodium borohydride was added to the solution and stirred
at room temperature for 30 min. Then, the pH-sensitive
ligands were eventually obtained and directly used for surface
exchange of the 10 nm-sized, citrate-capped AuNPs that were
synthesized via the conventional Turkevich method.46 After
10 h, the reaction solution was dialyzed using the Amicon
ultracentrifugal filters (100 kDa Mw cutoff) three times for
purification.

The UV�vis absorption spectra were obtained using an
Agilent 8453 UV�vis spectrophotometer (Agilent Technologies).
TEM images were obtained using a JEM-2100 (JEOL Ltd.).
Surface charges and hydrodynamic sizes were measured using
a Zetasizer Nano Z and a Zetasizer Nano S (Malvern Instruments
Ltd.), respectively.

Intracellular Distributions of AuNPs. TheMSCswere cultured on a
150mm dish (1� 106 cells/well) and incubated with 100 μg/mL
cAuNPs or PSAuNPs for 24 h. The cells were then fixed using
Karnovsky's fixative for 4 h at 4 �C and rinsed three times
with cold 0.05 M cacodylate buffer. The cells were fixed with
1% osmium tetraoxide for 2 h at 4 �C and washed twice with
cold distilled water. The samples were treated with 0.5% uranyl
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acetate overnight at 4 �C, dehydrated using graded concentra-
tions of ethanol (30, 50, 70, 80, 90, 95, and 100%), rinsed with
propylene oxide, and finally embedded in Spurr's resin, which
were then polymerized at 70 �C for 24 h. Thin sections with
thicknesses of 100 nm were obtained using an ultramicrotome
(Leica), collected on 200-mesh copper grids, and observed
using a TEM (JEM-1010, JEOL Ltd.).

Quantification of Gold Amount Using ICP-AES. The MSCs were
incubated with 100 μg/mL of cAuNPs or PSAuNPs for 24 h,
rinsedwith PBS three times, and collected via trypsinization. The
suspended cells were lysed with aqua regia, and the gold
amount was determined via ICP-AES (Thermo Electron Co.).26

In this analysis, we set the control as the AuNP content in wells
without cells, which were treated with the medium containing
cAuNPs or PSAuNPs and then washed with PBS three times. The
control values were subtracted from the gold amounts of the
experimental groups.

AuNP Exocytosis Analysis. The hMSCs (2 � 104 cells/well) were
incubated with 100 μg/mL cAuNPs or PSAuNPs for 24 h, rinsed
with PBS three times, and cultured in fresh medium. At various
time points, the cells were washed and collected via trypsiniza-
tion. The amount of gold remaining in the MSCs at various time
points was determined via ICP-AES. The fraction of exocytosed
AuNPs (Fexo) was calculated using the equation Fexo = (N0�Nt)/N0,
where N0 is the amount of gold before exocytosis at t = 0 and Nt

is the gold amount remaining in the cells at each time point.20

Laser Irradiation and Photothermal Imaging. To evaluate the
in vitro photothermal effect of the AuNPs, the MSCs were
cultured on six-well plates (1 � 105 cells/well) and incubated
with cAuNP 90 μg/mL, PSAuNP 30 μg/mL, or PSAuNP 90 μg/mL
for 24 h. After rinsing three times with PBS, MSC-cAuNPs or
MSC-PSAuNPs were collected via trypsinization and suspended
in 20 μL of distilled water (DW). The samples (1 � 105 cells in
20 μL of DW) loaded in 200 μL microcentrifuge tubes were then
irradiated using a 660 nm CW laser beam for 100 s at a power
density of 0.5 W/cm2. The temperature variations and photo-
thermal images of the AuNP-ladenMSCs during laser irradiation
were recorded every 20 s using an infrared thermal imaging
system (FLIR i2, FLIR Systems Inc.).

Cytotoxicity Analyses of the PSAuNPs. Cell viability was evaluated
using a CCK-8 (DojindoMolecular Technologies, Inc.). The CCK-8
assay measures the amount of formazan dye that is reduced by
the intracellular dehydrogenase activities.47 The number of living
cells is proportional to the amount of the formazan dye. Briefly,
theMSCs (1� 104 cells/well) were cultured on24-well plateswith
various concentrations of PSAuNPs for 24 h and rinsed with PBS
three times. After replenishing the wells with fresh medium,
CCK-8 solution was added into each well and incubated for 2 h.
Then, the absorbance was measured at 450 nm using a plate
reader. The cell viability was calculated as the percentage of
viable cells relative to the AuNP-untreated cells (n = 5 per group).

Apoptotic and Proliferation Activities of the MSCs. The MSCs
were cultured on six-well plates (1 � 105 cells/well) for 1 day
and treated with various concentrations of PSAuNPs three
times for 2 days' incubation for each. The live and dead cells
were detected using fluorescein diacetate (FDA, 5 mg/mL)
and ethidium bromide (EB, 10 mg/mL), respectively. The MSCs
treated with the PSAuNPs at various concentrations three times
were incubated in FDA/EB solution for 5 min at 37 �C and rinsed
with PBS. The stained cells were examined using a fluorescence
microscope. The apoptotic and proliferation activities of the
cells treated with the PSAuNPs at various concentrations
were evaluated via Western blot analysis and RT-PCR analysis.
The Western blot analysis was performed to determine the pro-
tein expression of proliferation and pro-apoptotic (caspase-3)
markers. The samples were centrifuged at 4 �C (15000g, 10 min)
and resuspended in a cold lysis buffer (50 mM Tris-HCl, pH 8.0,
150 mMNaCl, 1% Nonidet P-40) containing a protease inhibitor
cocktail for 40 min. Protein extracts were then centrifuged
at 4 �C (14 000 rpm, 20 min). The protein concentration
was determined using a bicinchoninic acid protein assay
(Pierce Biotechnology). The protein extracts were loaded onto
a 10% (w/v) SDS-PAGE, and the gels were transferred to a
nitrocellulose membrane using an iBLOT system (Invitrogen).
Themembranewas blockedwith 5%milk in Tris-buffered saline

with Tween 20 (TBST) at room temperature for 1 h and then
incubated with the primary antibody at room temperature for
1 h. The membrane was washed five times for 10 min each and
then incubated with either horseradish peroxidase-conjugated
anti-mouse or -rabbit antibody in TBST for 30 min. The immu-
noreactivitywas visualized using enhanced chemiluminescence
(n = 3 per group).The mRNA expression of pro-apoptotic (p53)
and anti-apoptotic (Bcl-2) markers was evaluated using RT-PCR.
Thirty-five cycles of PCR were performed, consisting of denatur-
ating (94 �C, 30 s), annealing (60 �C, 30 s), extension (72 �C, 45 s),
and a final extension at 72 �C for 7 min. The PCR products were
visualized via electrophoresis on 1.5% (w/v) agarose gels with
EB staining. The gels were read using a gel documentation
system (GL 2200 PRO Imaging system; Carestream). The primer
sequences used are shown in Table 1. The apoptotic activity of
the cells was also evaluated using immunocytochemical staining
with antibodies against caspase-3 (Abcam, UK). The immunor-
eactivity was visualized using rhodamine-conjugated secondary
antibodies (Jackson Immuno Research Laboratories Inc., West
Grove, PA, USA). The samples were counterstained with 40 ,6-
diamidino-2-phenylindole (DAPI, Vector Lbt.) and imaged using a
fluorescence microscope (IX71 inverted microscope, Olympus).

Intracellular Loading of the PSAuNPs and in Vitro Photothermal Effect
via Multiple Treatments of the MSCs with PSAuNPs. After the MSCs
were treated either with PSAuNP 50 μg/mL three times or with a
single treatment of PSAuNP 150 μg/mL, the intracellular loading
of the PSAuNPs was examined using TEM, as previously de-
scribed. To quantify the amount of AuNPs loaded into theMSCs,
the MSCs were incubated with a single treatment of 30, 50, or
150 μg/mL PSAuNPs or with three consecutive treatments of
10 or 50 μg/mL PSAuNPs. The intracellular AuNP amount was
then quantified via ICP-AES. To evaluate the in vitro photother-
mal effect, the MSCs were incubated with a single treatment of
50 μg/mL PSAuNPs or with three consecutive treatments of
50 μg/mL PSAuNPs. After rinsing three times with PBS, theMSC-
PSAuNPs were collected via trypsinization and irradiated using
a 660 nm laser for 100 s. The temperature and photothermal
images of the MSC-PSAuNPs were recorded every 20 s using an
infrared thermal imaging system.

In Vivo MSC Imaging. In vivo experiments were conducted
using six-week-old female BABL/c athymic nude mice (Orient
Bio, Seoul, Korea). The mice were anesthetized with xylazine
(10 mg/kg) and ketamine (100 mg/kg), and the HT-1080 human
fibrosarcoma cells (5� 106 cells in 100 μL) were subcutaneously
injected into both flanks of the mice. The mice were randomly
sorted for treatments when the tumors reached approximately
7 mm in diameter, as measured using a digital caliper. For
treatments, the mice were anesthetized, and MSCs or MSC-
PSAuNPs (1 � 106 cells in 100 μL) that were labeled with
VivoTrack 680 and suspended in 100 μL of PBS were intrave-
nously injected via the tail vein (n = 3 animals). After 1, 3, and
7 days, the biodistributions of MSCs or MSC-PSAuNPs in the

TABLE 1. Primer Sequences Analyzed for the Quantifica-

tion of β-Actin, Caspase-3, PCNA, p53, Bcl-2, and p32

Gene Expression Levels

gene primer

β-actin sense 50-TGA GAC CTT CAA CAC CCC AGC-30

antisense 50-GAT GTC ACG CAC GAT TTC CCT-30

caspase-3 sense 50-TTA ATA AAG GTA TCC ATG GAG AAC ACT-30

antisense 50- TTA GTG ATA AAA ATA GAG TTC TTT TGT GAG-30

PCNA sense 50-GCC GAG ATC TCA GCC ATA TT-30

antisense 50-ATG TAC TTA GAG GTA CAA AT-30

p53 sense 50-CGG GAT CCA TGG AGG AGC CGC ACT CAG AT-30

antisense 50-CCG CTC GAG TTT CTG GGA AGG GAC AGA AGA-30

Bcl-2 sense 50-ACC GTC GTG ACT TCG CAG AG-30

antisense 50-GGT GTG CAG ATG CCG GTT CA-30

p32 sense 50-ACA GGG GCA GAA GGC TGA AGA-30

antisense 50-GGT CCG CAA GGA AAT CCA TTA-30
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tumor-bearing mice were examined using an eXplore Optix
System (Advanced Research Technologies Inc.). The animal
study was approved by the Institutional Animal Care and Use
Committee of Seoul National University (SNU-140513-6-1).

Biodistribution of the AuNPs in the Tumors and Major Tissues. The
MSCs (3 � 105 cells) were incubated with the same concentra-
tion (50 μg/mL) of PSAuNPs or cAuNPS for 2 days, and the AuNP
incubation process was repeated three times. The MSC-
PSAuNPs or MSC-cAuNPs were rinsed with PBS, suspended in
PBS solution, and injected intravenously into the tumor-bearing
mice when the tumors reached approximately 7 mm in diam-
eter. Each mouse in the MSC-cAuNP group and MSC-PSAuNP
group received 1� 106 cells and 2� 106 cells, respectively, since
these numbers of cells contained the same amount (153 μg) of
AuNPs (Supporting Information Figure S4). PBS, cAuNP, or
PSAuNP solutions were also intravenously administered as
control groups. The cAuNP, MSC-cAuNP, PSAuNP, and MSC-
PSAuNP groups received the same amount (153 μg) of AuNPs
per mouse. The gold amount of each group was determined
via ICP-AES prior to the intravenous administration. For the
CT analysis, the tumor tissues were fixed in 4% paraformalde-
hyde in PBS for 24 h at 3 days postintravenous injection. The
CT images of the tumor tissues were obtained using a
micro-CT system (SkyScan-1076; Skyscan, 40 kV, 250 mA) and
CT image processing was performed using CT analyzer software
(Skyscan). To quantify the amount of AuNPs in the tumor tissues
and major organs (spleen, liver, kidney, lung, heart, and brain),
the mice were sacrificed at 3 days postintravenous injection,
and the tissues and organs were retrieved and lysed using aqua
regia. The amount of AuNPs in the tissues and organs was
determined via ICP-AES and expressed as a percentage of the
injected dose of AuNPs.

In Vivo Photothermal Cancer Therapy. When the tumors reached
approximately 7 mm in diameter, PBS, cAuNPs, MSC-cAuNPs
(2 � 106 cells), PSAuNPs, or MSC-PSAuNPs (1 � 106 cells) in
100 μL of PBS were intravenously injected into each of the
tumor-bearing mice. Each mouse of the cAuNP, MSC-cAuNP,
PSAuNP, and MSC-PSAuNP groups received the same amount
(153 μg) of AuNPs. After 3 days postinjection, the tumor tissues
were exposed to a laser (660 nm CW diode laser, ca. 1 cm
diameter, 0.5 W/cm2) for 60 s with anesthesia or not. The
temperature variations at the tumor regions were recorded
using a real-time infrared thermal imaging system (FLIR i2). The
tumor sizes were measured at regular intervals using a digital
caliper. The tumor volume was estimated according to the
ellipsoidal calculation, V = a � b2 � 0.5, where a is the largest
and b is the smallest diameter.26 qRT-PCR was performed to
determine the relative mRNA expression levels of pro-apoptotic
markers, p32 and caspase-3, in the tumor cells after 9 days
postlaser irradiation. qRT-PCR reactions were performed using a
Step One Plus real-time PCR system (Applied Biosystems) with
TOPreal qPCR 2X PreMIX (Enzynomics). Each cycle consisted of
the following temperatures: 94 �C for 3 s and 60 �C for 30 s. The
primer sequences used are shown in Table 1. For the histologi-
cal analysis, the tumor tissues were retrieved at 21 days post-
laser irradiation and fixed in 4% paraformaldehyde in PBS. The
samples were embedded in paraffin and sectioned at a thick-
ness of 6 μm. The sections of the tumor tissues were stained
using hematoxylin and eosin and examined using an optical
microscope.

Statistical Analysis. Quantitative data were expressed as the
means ( standard deviations. The statistical analysis was
performed using one-way analysis of variance (ANOVA) with
Tukey's significant difference post hoc test using SPSS software
(SPSS Inc., USA). A value of p < 0.05 was considered to denote
statistical significance.
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