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C
ombination therapy;the simulta-
neous use of two or more agents
as a “one�two punch”;can be

synergistically effective for cancer treatments.
For example, thecombinationofhyperthermia
and chemotherapy often results in synergistic
interactions between the two modalities,
showing enhanced therapeutic efficacy over

the two independent treatments.1�4 Gold
nanostructures can generate site-selective
local heat shock, and they have great poten-
tial as an engineerable platform for thermo�
chemo combination cancer therapy. Many
research groups have demonstrated the
potential of gold nanostructures as a photo-
thermal therapeutic agent byexploiting their
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ABSTRACT

A challenge in using plasmonic nanostructure�drug conjugates for thermo�chemo combination cancer therapy lies in the huge size discrepancy; the size difference

can critically differentiate their biodistributions and hamper the synergistic effect. Properly tuning the plasmonic wavelength for photothermal therapy typically

results in the nanostructure size reaching∼100 nm. We report a new combination cancer therapy platform that consists of relatively small 10 nm pH-responsive

spherical gold nanoparticles and conjugated doxorubicins. They are designed to form aggregates inmild acidic environment such as in a tumor. The aggregates serve

as a photothermal agent that can selectively exploit external light by their collective plasmonmodes. Simultaneously, the conjugated doxorubicins are released. The

spatiotemporal concertion is confirmed at the subcellular, cellular, and organ levels. Both agents colocalize in the cell nuclei. The conjugates accumulate in cancer

cells by the rapid phagocytic actions and effective blockage of exocytosis by the increased aggregate size. They also effectively accumulate in tumors up to 17 times

over the control because of the enhanced permeation and retention. The conjugates exhibit a synergistic effect enhanced by nearly an order of magnitude in cellular

level. The synergistic effect is demonstrated by the remarkable reductions in both the therapeutically effective drug dosage and the photothermal laser threshold.

Using an animal model, effective tumor growth suppression is demonstrated. The conjugates induce apoptosis to tumors without any noticeable damage to other

organs. The synergistic effect in vivo is confirmed by qRT-PCR analysis over the thermal stress and drug-induced growth arrest.

KEYWORDS: gold nanoparticle . pH-responsive . drug delivery . photothermal therapy . synergistic effect . tumor targeting
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strong absorption and efficient heat conversion.5�11

In a few cases, they were also co-applied with chemo
agents, and these combinations have demonstrated
enhanced cytotoxicity toward cancer cells.12�17 How-
ever, gold nanostructures have not been fully
exploited for combination therapy. The administra-
tion method of the thermo and chemo agents relies
primarily on physical mixtures or loosely bound
conjugates, which typically rely on electrostatic inter-
actions. As a result, the actions of the thermo and
chemo modalities cannot be well-controlled, which
prevented them from achieving their maximal syner-
gistic effect. The challenge in using gold nanostruc-
tures as an engineerable platform for thermo�chemo
combination therapy lies in the huge discrepancy
between the sizes of the thermo and chemo agents.
The gold nanostructures need to absorb far-red or
near-infrared (NIR) light for the photothermal effect to
reach deep tissues. Properly tuning the plasmonic
wavelength for the far-red or NIR region typically
demands large nanostructures such as nanorods,
nanoshells, and nanocages of which hydrodynamic
sizes typically reach∼100 nm.5�8,10,11 Mostmolecule-
based chemo agents are far smaller than gold nano-
structures. This size difference inherently limits the
concertion of the thermo and chemo agents because
the size of the agents critically determines their entry
to cells and their distribution in confined cellular
compartments. Recently, we reported a simple, sphe-
rical, 10 nm “smart” Au nanoparticle (abbreviated as
SAN) for effective photothermal therapy.9 The SAN
surface was engineered to induce rapid and condi-
tional aggregation in a mildly acidic environment,
which shifts the absorption to far-red and NIR by
creating the collective plasmon modes. SANs can be
advantageous because their small size allows efficient
internalization into cancerous cells.18 In addition,
this kind of aggregation-based strategy can utilize
small Au NPs that can potentially mitigate side effects
by facilitated excretion through renal clearance after
therapy.19 Herein, we report a SAN-conjugate-based
combination cancer therapy that exploits the so-
phisticated concertion of spatiotemporal therapeu-
tic actions at the cellular (and subcellular) level,
yielding a therapeutic efficacy that is enhanced by
nearly an order of magnitude when compared with
sequential or independent treatments. As a result,
the effective dosage can be lowered to a level
at which neither of the individual components
reaches the therapeutic efficacy. The cancer target-
ing was observed at the cellular level in vitro,
and remarkably, the targeting effect was found to
extend to the organ and whole body levels in vivo.
With the specificity and spatiotemporal concertion
of these two therapeutic actions, significant tumor
growth suppression was demonstrated in the ani-
mal model.

RESULTS AND DISCUSSION

Dual Function of Smart Gold Nanoparticle Conjugates for Drug
Delivery and Photothermal Therapy. SANs weremodified to
act as a photothermal therapeutic agent and as a
delivery vehicle for chemo agents, as well (Figure 1).
Our conjugate system consists of SANs and chemo
agents that are covalently linked at the terminals of the
SAN surface ligands. The SAN conjugate is designed to
release the chemo agents and simultaneously form
aggregates of the Au nanoparticles (Au NPs) in amildly
acidic environment. Both chemo and thermo thera-
peutic actions can be triggered by the pH change in the
intracellular environments of cancerous cells.20,21 We
hypothesized that this combination therapy can be
more selective for cancer than conventional drugs
because it is a pH-controlled drug release system. In
addition, the Au NPs can conditionally utilize external
light by their aggregation-induced absorption shift.
SANs were prepared according to the method de-
scribed in our previous report.9 Doxorubicin (Dox),
one of the most common anticancer agents in clinical
use,22 was used as a model chemotherapeutic. Dox
molecules were covalently linked to SANs via carbo-
diimide coupling to yield SAN�Dox conjugates
(abbreviated as SANDCs) (see Methods for the con-
jugation procedure). Typically, tens of Dox molecules
were conjugated per SAN by careful control of the
reaction ratio. This allows a considerable proportion of
the initial SAN ligand to remain unchanged in the
resultant SANDCs. Under mildly acidic conditions,
hydrolysis-induced cleavage of the ligand linker can
result in the release of the Dox molecules. At the same
time, the SANDC surface ligands, irrespective of
whether they are Dox conjugated, begin to reveal
positive surface charges. This exposure induces rapid
aggregation of the Au NPs through the electrostatic
interactions between surfaces bearing both positive
and negative charges. The optical properties of the
SANs remained unchanged after the Dox conjugation,
and no noticeable change in their hydrodynamic size
was observed (Supporting Information Figure S1). The
pH-responsive Dox release and aggregate formation of
SANDCs have been studied in buffer solutions with the
pH level of 2.0, 5.5, or 7.4. The samples in the pH 2.0 and
pH 5.5 environments showed a red shift and broad-
ening of their absorption band over time, and the
pH 2.0 sample showed a more rapid change than the
pH5.5 sample (Figure 2a,b). The red shift andbroadening
are ascribed to the appearance of coupled plasmon
modes and the inhomogeneity of the aggregates.9 The
pH 7.4 sample, however, showed no noticeable absorp-
tion change (Figure 2c). Hydrodynamic sizes and zeta-
potentials were concurrently measured over time for the
SANDC samples at different pH (Figure 2d,e). In pH 2.0,
the hydrodynamic size rapidly increased to ∼250 nm
within 5 min, and the pH 5.5 sample showed slower
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increase. Zeta-potential measurements coincided with
the hydrodynamic size change. The pH 2.0 sample
showed most rapid change in the zeta-potential value
as the SANDC surface charge was converted from nega-
tive topositive. ThepH5.5 sample showedslower change
in the zeta-potential. No noticeable changes were found
for the pH 7.4 sample neither in the hydrodynamic size
nor in the zeta-potential. Time evolution of the SANDC
aggregates was directly observed by TEM, which con-
firms the pH-dependent growth of aggregates over time
(Figure 2g). The pH 7.4 sample did not show any change
over time under TEM (data not shown). The absorption
shift, hydrodynamic size, zeta-potential, and TEM mea-
surements all consistently confirm pH-induced aggrega-
tion of SANDCs. The pH-responsive release profile of Dox
molecules from the SANDCs wasmonitored by following
theDox fluorescence (Figure2f). Initially, all three samples
showed negligible emission from the conjugated Dox
molecules because their fluorescence was effectively
quenched in close proximity to the Au NPs. The pH 2.0
and pH 5.5 samples showed an initial “burst” of fluores-
cence intensity from the releasedDoxmolecules in 5min,
after which the intensity plateaued. The pH 2.0 sample
showed a more rapid release of Dox than did the pH 5.5

sample, which coincides with the Au NP aggregation
behavior. The Dox release at pH 5.5 is not high, presum-
ably because of the fast Au NP aggregations, which
impedes further hydrolysis and subsequent release of
the Dox by reducing effective surface areas. In compart-
mentalized environments such as in cells, the release can
be more rapid and efficient because the compartment
limits the formation of huge aggregates. The observed
pH-dependent changes in the SANDCs are causedbypH-
dependent hydrolysis of the citraconic amide linker in the
surface ligand,23�25 which is effectively transduced into
the release of the conjugated Dox molecules from the
SANDCs and the formation of aggregates of the Au NPs.

Spatiotemporal Concertion of the Combination Modalities.
Since the pH-induced Dox release and Au NP aggrega-
tion were confirmed for SANDCs, we further applied
them in cellular applications. Most cells, especially the
cancerous ones (including B16 F10 mouse melanoma
cells), are known to engulf nanoparticles via energy-
dependent and energy-independent pathways.26,27

B16 F10 cells were coincubated with 20 nM SANDC
that contained 20 Dox per Au NP. As controls, cells
were also treated with physical mixture of 20 nM SAN
and 400 nM Dox (abbreviated as SAN&D), 400 nM Dox,

Figure 1. Schematic illustration of the working mechanism of “smart” gold nanoparticle doxorubicin conjugate (SANDC).
SANDC consists of smart gold nanoparticles (SANs) and covalently conjugated doxorubicin (Dox). The SANDC is designed to
release the Dox by pH-triggered linker cleavage under the mild acidic conditions in tumor. Simultaneously, the SANDC is
designed to convert the surface charge from negative to a mixture of negative and positive charges, which induces rapid
aggregation among the nanoparticles via electrostatic interactions. This spatiotemporally concerted release from SANDCs is
exploited for chemo and photothermal combination cancer therapy.
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and 20 nM SAN, respectively. The SANDC sample
showed a gradual and continued release of Dox, which
appeared red in the fluorescence images (Figure 3a).
The control SAN&D and Dox samples showed notice-
able fluorescence as early as at 1 h. The SAN sample,
which did not have any Dox, showed no fluorescence.
The Dox fluorescence intensity was quantified by the
signal to background ratio (SBR) (Figure 3b) (see
Supporting Information for details).28,29 The SANDC
sample showed the slow and monotonic increase in
SBR, which indicates the sustained release of Dox from
the SANDCs by the pH-induced hydrolysis. In the case
of SAN&D and Dox control, the SBRs showed a similar
pattern: an initial rapid increase, reached themaximum
value after 6 h, and decreased. This pattern suggests an
efficient efflux following the rapid uptake of Dox
molecules and also suggests that the cellular uptake

and distribution of Dox was not affected by the simple
coexistence of SAN. For the SANDC, SAN&D, and Dox
samples, viability levels were monitored (Figure 3c).
After 48 h, the three samples showed a similar viability
level. SAN samplewas used for control and showed the
high viability level at all times, which indicates negli-
gible toxicity of SAN in the absence of external light.
Dark-field microscopy revealed efficient accumula-
tions of Au NPs inside the cells (Figure 3a). The SANDC,
SAN&D, and SAN samples showed an increase in
scattering over time with strong orange color, which
allowed partial visualization of the cellular morpholo-
gies. However, the intracellular distributions of the
scatterers seemed to be not identical. The scattering
was more centered at nuclei for the SANDC sample,
whereas SAN&D and SAN samples have the scattering
broadly distributed in the cytoplasm (additional dark-

Figure 2. pH-induced aggregation of gold nanoparticles and simultaneous Dox release. (a�c) Time evolution of absorption
for SANDC in pH 2.0 (a), pH 5.5 (b), and pH 7.4 (c) aqueous solutions. (d�f) Hydrodynamic size (d), zeta-potential (e), and
relativefluorescence intensities (scale on the left axis) andpercentages of cumulative release (scale on the right axis) of Dox (f)
for SANDC at different elapsed times in different pH levels. (g) TEM images showing the aggregates of SANDCs in pH 2.0 (top)
and pH 5.5 (bottom) samples at different elapsed times.
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field images can be found in Supporting Information
Figure S2). Thedark-field images suggest translocations
of SANDC into the nuclear region, and the images are
also similar to other nuclear-targeting Au NP cases.30

To follow the intracellular distribution of the released
Dox from the SANDCs, nuclear staining was performed

using 40,6-diamidino-2-phenylindole (DAPI). Colocaliza-
tion was observed between the released Dox fluores-
cence from SANDCs and the DAPI-stained nuclei
(Figure 3d). The intracellular distribution of the released
Dox from SANDC was similar to that of the control
SAN&DandDox samples. TheDox from the SANDCmay

Figure 3. Spatiotemporally concerted actions of SANDCs at the cellular level. (a) (Top) Fluorescence images (FL) and their
overlayswith phase-contrast images (overlaid) for cells treatedwith SANDC, SAN&D,Dox, or SAN (scale bars: 40 μm). (Bottom)
Dark-field microscope images (scale bars: 20 μm). (b) Signal to background ratios determined from the fluorescence
microscope images. (c) Relative viability levels in dark condition. (d) Fluorescence images after colabeling with DAPI for the
cells coincubated with SANDC, SAN&D, or Dox. (e) Cellular uptake of gold nanoparticles measured by ICP-AES after
coincubation of cells with SANDC, SAN&D, or SAN. Inset shows the nuclear accumulation levels after 24 h coincubation. (f)
(Left) Sectioned TEM images showing the intracellular localization of gold nanoparticles after coincubations of cells with
SANDC, SAN&D, or SAN (scale bars: 3 μm). The arrows indicate the gold nanoparticle aggregates. (Right) Magnified images of
the representative aggregates (1�6) from the left (scale bars: 200 nm).
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have entered the nuclei after its release. The tethered
Dox may have directed the translocation of SANDCs to
the nuclei. Using inductively coupled plasma atomic
emission spectrometry (ICP-AES), cellular uptake of Au
NPs was quantitatively measured for the SANDC,
SAN&D, and SAN samples. They showed similar cellular
accumulation level of percentage incubated dose
(% ID) reaching ∼30% after 48 h (Figure 3e). For each
sample, the cell nuclei were isolated at 24 h and the%ID
in nuclei was quantified by ICP-AES (inset in Figure 3e;
see Methods for details). The SANDC sample showed
significant nuclear accumulations with the %ID as high
as 8%, which consisted of ∼30% of the total Au NP
accumulation. It was also over 4-fold larger than that of
SAN&D (1.7%) or SAN (1.9%). The SANDC translocation
into cell nuclei was further confirmed by resin�section
TEM studies (Figure 3f). For the SANDC sample, many
Au NP aggregates were found in the nuclear region
along with some aggregates in the cytoplasm, which
confirmed nuclear translocation of the SANDCs. In
contrast, the Au NP aggregates were found exclusively
in the cytoplasm for the SAN&D and SAN samples. An
active nuclear translocation mechanism has been pro-
posed for Dox, in which Dox forms a Dox�proteasome
complex in the cytoplasm and translocates into the
nucleus via nuclear pores.31 This translocation could
occur for single Au NPs or small Au NP aggregates
because nuclear pore transportation is limited to a
hydrodynamic size of less than 100 nm.32,33 Alter-
natively, larger aggregates may gain access to the
nucleus when the nuclear envelope is fragmented into
subcomplexes during mitosis.34 The aggregation of
SANDCs is expected to continue after their internaliza-
tion into the nucleus; therefore, the size of the aggre-
gates determined by TEM may not represent their
actual size at the timeof internalization. SANDC showed
massive cellular accumulations via the aggregation-
basedaccumulations, and theDox conjugation resulted
in the effective translocation of Au NP and Dox to
the cell nuclei. In SANDC, the Au NP and conjugated
Dox overlap each other spatiotemporally in their cell
entry and also significantly within the intracellular
compartments.

Highly Synergistic Efficacy at the Cellular Level. SANDC
shows spatiotemporally overlapping accumulation of
Dox and Au NP aggregates in the cell nuclei. This
simultaneous accumulation can be beneficial for
highly synergistic cancer therapy. B16 F10 cells were
co-incubated with SANDCs. Each SANDC was conju-
gated with, on average, one Dox molecule (denoted
SANDC-1, where the number indicates the equivalent
number of conjugated Dox per Au NP). For control
samples, Dox, SAN, and SAN&D-1 were used. The
concentrations were matched at 20 nM for the Au NP
and Dox. After 9 h, the cells were irradiated with a
660 nm cw diode laser (8 W/cm2) for 1 min. Only
the SANDC-1 sample showed a significant viability

reduction to 50%, while the other samples showed
negligible changes in their viabilities (Figure 4a). The
SAN&D-1 sample showed negligible cytotoxicity de-
spite having received identical doses of Dox and Au
NPs as the SANDC-1 sample. The spatiotemporal con-
certion of the SANDCs is thought to produce the
enhanced cytotoxicity. Viability changes in dark con-
ditions were evaluated for the SANDC-1 and control
Dox sample (Figure 4b). Up to 2 days, no noticeable
cytotoxicity was found for either sample. A Dox con-
centration of 20 nM did not reach the level for effective
cytotoxicity. Dox concentrations of 20, 200, 400, and
800 nM were co-incubated for 9 h, and the cells were
laser irradiated (8 W/cm2) for 0 (no exposure), 1, 3, 5,
and 10 min. Within the Dox concentration range and
irradiation time, the cells retained over 80% of their
viability (Figure 4c). An increase in the Dox concentra-
tion to 800 nM did not cause a significant reduction in
the cell viability level. As another control, the experi-
ment was repeated using 20 nM 11-mercaptoundeca-
noic acid (MUA)-capped Au NPs conjugated with 40
Dox per Au NP (denoted as MANDC-40). The cells
retained high viability levels over 80% throughout
the irradiation up to 10 min. This indicates that the
formation of Au NP aggregates is essential to show the
photothermal cell destroying effect. Based on this
result, 20 nM SANDC-1, SANDC-10, SANDC-20, and
SANDC-40 samples were prepared to demonstrate
the synergistic effect (Figure 4d). A 20 nM SAN sample
was used as a control. As expected, all of the SANDC
samples and the control SAN sample retained the high
viability levels prior to the laser irradiation. After 1 min
of laser irradiation, the cell viability was strongly de-
pendent on the degree of Dox conjugation. The
SANDCs with higher Dox conjugation levels showed
greater reductions in the post-irradiation viability level.
The SAN control retained the highest viability level.
Neither 20 nM SAN nor 800 nM Dox alone exhibited
significant cytotoxicity. However, 20 nM SANDCs did
show effective cytotoxicity. This result clearly demon-
strates the synergistic effect of the SANDCs. After 3min
of irradiation, the viability levels of all of the SANDC
samples decreased to less than 10%. The 3 min irradia-
tion also resulted in a significant cytotoxicity for the
SAN sample. As the irradiation time was increased to
5 and 10 min, the viability levels decreased further,
and the differences among the SANDC samples and
between the SANDCs and the control SAN became
smaller. These increasingly comparable results are
attributed to the dominance of the Au NP photother-
mal effect under longer irradiation times. The experi-
ments were repeated using unconjugated mixture
controls of 20 nM SAN&D-1, SAN&D-10, SAN&D-20,
and SAN&D-40 samples (Figure 4e). Contrary to the
SANDC cases, SAN&D samples showed the viability
levels that were not depending on Dox concentration
irrespective of the irradiation time. SAN&D samples
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showed similar viability levels as those of the SAN
control sample except for the case of 5 min irradiation
which was the only case that showed meaningful
synergistic effect. SAN&D samples showed significantly
less efficient cell destroying effect when compared
with SANDC samples. For an example, the SAN&D-40
sample showed the reduction of viability to 13% after

5 min irradiation, where a similar level was achieved
within 1 min irradiation by SANDC-40 sample.

To reveal the synergistic effect, synergistic factors
were obtained by dividing the predicted additive
viability by the viability after the combination therapy
(Figure 4f). The additive viability is obtained from the
expression VAdditive = VChemo � VThermo, where VAdditive

Figure 4. Evaluation of synergistic efficacy of SANDC combination therapy at the cellular level. (a) Viabilities of cells after their
coincubation with SAN, Dox, SAN&D-1, or SANDC-1 and subsequent laser irradiation for 1 min (**P = 0.0014). (b) Viabilities
without laser irradiation for the cells treated with SANDC-1 or Dox. (c) Viabilities of the cells coincubated with various
concentrations of Dox or MANDC-40 and exposed to laser irradiation. (d,e) Viabilities of the cells coincubated with SANDCs
with different Dox conjugation levels (d) or with SAN&Ds with different Dox concentrations (e) and exposed to laser
irradiation (**P < 0.01). (f,g) Synergistic factors for the SANDCs (f) and SAN&Ds (g). The dashed lines represent the synergistic
factor level of 1. (h) Photothermal destruction of the cells co-incubated with SANDC-40, SAN&D-40, SAN, MANDC-40, Dox, or
no treatment for 24 h followed by laser irradiation for 5 min at different power densities. Trypan blue was used to reveal the
dead cells with blue staining, and circles denote the position of the laser spot.
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is the predicted viability as a result of the purely
additive interaction between the chemo and thermo
therapies, and VChemo and VThermo are the viabilities
after the chemo and thermo therapies alone, respec-
tively.1,12 The synergistic factors were ∼1 for all
samples prior to laser irradiation, which indicates the
absence of any synergistic effect. The largest syner-
gistic factor, a value of 6.9, was obtained for the
SANDC-40 sample after 3 min of laser irradiation. After
10min irradiation, the synergistic factors were reduced
back to ∼1. This trend indicates that a balanced
treatment is necessary to achieve maximal synergistic
interaction between the two modalities. The syner-
gistic factor of ∼7 is higher than that observed in
previous combination treatments using gold nano-
structures, in which the maximal synergistic factors
were ∼4 for cisplatin12 and ∼2 for Dox.13,14 On the
other hand, SAN&D samples showed the synergistic
factors of 1 for the most cases except the 5 min
irradiation case with the highest synergistic factor of
2.8 (Figure 4g). As shown in Figure 3, SAN&D showed
similar cellular uptake level and Au NP aggregates
formation capability as SANDC. The only major differ-
ence lies in the subcellular distribution. SANDC delivers
the Au NP aggregates to cell nuclei, which can induce
effective spatiotemporal overlaps with Dox. This spa-
tiotemporal concertion is thought to yield the large
synergistic factor of SANDC over SAN&D. This concer-
tion also reduced the chemo and thermo agent do-
sages to a level at which sequential treatments did not
show meaningful efficacy. This dose reduction may be
important for clinical cancer therapy because it may
alleviate dose-dependent systemic side effects. For
example, Dox is known for its cardio-toxicity, which is
one of the main challenges in its clinical use.22 The
ability to reduce the dosage while retaining efficacy
could extend the chemotherapeutic window andmini-
mize the side effects of the treatment.

The synergistic effect of SANDCs can be explained
by the enhanced cytotoxicity of Dox at a locally
elevated temperature. Conversely, the conjugated
Dox can be thought to enhance the photothermal
cytotoxicity of Au NPs. Photothermal therapy using
SAN typically exhibits a threshold behavior for the laser
intensity.9 The threshold behaviors were studied for 20
nM SANDC-40, SAN&D-40, SAN, MANDC-40, and 800
nM Dox samples. After 24 h of co-incubation, the B16
F10 cells were exposed to laser irradiation for 5 min,
and the laser intensity was varied from 8 to 20 W/cm2

(Figure 4h). Trypan blue was used to reveal the cell
mortality. SANDC-40 showed the photothermally ef-
fective laser power threshold lower than 12 W/cm2,
while the control SAN&D-40 and SAN samples showed
the cell mortality at a laser power of ∼16 W/cm2.
This threshold reduction of SANDC clearly demon-
strates the enhanced photothermal cytotoxicity by the
synergistic effect. For the other control experiments

using MANDC-40, Dox, or only cell growth medium
(denoted as “no treatment”), nomortal cells were found
within the laser power range. Dox hasmultiplemodes of
action, such as inhibition of DNA and RNA synthesis by
intercalating into DNA and binding to topoisomerase II,
generation of free radicals, and directing DNA damage
by alkylation.27 Thermal chemopotentiation of Doxmay
be related to the increase in the DNA damage caused
by the drug, such as double-strand breaks by DNA
alkylation and the inhibition of DNA replication and
repair by denaturation of nuclear proteins.2,3 SANDCs
can accumulate in the cell nucleus region and locally
generate heat upon excitation by external light. This
nuclear-localized heating can effectively enhance the
DNA damage caused by Dox. In addition, the nuclear
accumulation of Au NPs may itself cause cytotoxic DNA
double-strandbreaks,whichcan increase the therapeutic
efficacy.30

Smart Gold Nanoparticles Target Cancer at the Cellular and
Organ Levels. As a control Au NP for comparison to SAN,
a MUA-capped Au NP (abbreviated as MAN) was pre-
pared. The SANs and control MANs were synthesized
using identical Au NP cores, and they exhibited similar
absorption profiles (Supporting Information Figure S3),
hydrodynamic size (∼14 nm), and surface charge (zeta-
potential of ∼ �35 mV). MAN can provide surface
properties similar to those of SAN but does not contain
a hydrolysis-susceptible linker and, as a result, does not
show pH-dependent surface charge conversion and
the subsequent aggregations.9 SANs can exhibit en-
hanced cellular accumulations, especially for cancer-
ous cells. SANs andMANswere each co-incubatedwith
B16 F10 cells and NIH 3T3 mouse embryonic fibroblast
cells (normal control cell against B16 F10 cells). After 24
h, the samples were examined by dark-field micro-
scopy. The SANs accumulated very efficiently in B16
F10 cells while only in a moderate level in the normal
control cell case (Figure 5a). In contrast, the MANs
showed almost no scattering for either the B16 F10
or the NIH 3T3 cells. After SANs are internalized into
cells, they form aggregates and accumulate in the cell
interior. As they form aggregates, exocytosis should be
effectively blocked by their increased size. Because
cancerous cells are more phagocytic, SAN and SANDC
can selectively accumulate in cancer cells, showing
cancer targeting effect without any targeting moieties.
In contrast, MANs do not exhibit such cancer specificity
because they lack the aggregation capability of the
SANs; MAN/MANDC can form aggregates only at
pH lower than 4.0, which is ascribed to the protonation
of carboxylic acid groups (Supporting Information
Figure S4). To investigate if such cancer targeting effect
can continue in in vivo organ level, biodistributions of
SAN, SANDC-40, and MAN were studied using animal
modelwithnu/nunudemicebearingB16F10melanoma
cells grafted onto the flank (Figure 5b�d). The percen-
tages of Au NPs localized in major organs and in the
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tumor weremeasured by ICP-AES at 1, 4, 24, 48, and 72 h
after intravenous injection of 1 μM SAN, SANDC, or MAN
PBS solution. In the major organs, similar biodistribution
patterns were found for all samples, showing large
accumulations of the Au NPs in the organs of reticuloen-
dothelial system (RES; e.g., liver, spleen) together with
the %ID ranging from 50 to 80%. This pattern is similar
to previously reported biodistributions for negatively

charged NPs with the hydrodynamic size over
10 nm.35,36 As for the tumor accumulation, SAN and
SANDC showed significantly higher accumulations in
tumor when compared with MAN. SANs have accumu-
lated in the tumor most rapidly with the peak accu-
mulation at 24 h showing the injected dose per gramof
tumor (% ID/g) as high as 10.9% (Figure 5e). SANDC
showed the highest tumor accumulation of 5.0% ID/g

Figure 5. SANDC accumulation in cancer at cellular and organ levels. (a) Dark-field microscopic images of B16 F10 (cancer)
cells and NIH 3T3 (normal) cells co-incubated with SAN or MAN. (b�d) Biodistributions of SAN (b), SANDC (c), and MAN (d) in
the major organs measured by ICP-AES after 1, 4, 24, 48, or 72 h intravenous injection into tumor-bearing mice (n = 3). (e)
Tumor accumulation levels of SAN, SANDC, and MAN (*P < 0.05 and **P < 0.01 compared to SANDC group). (f) TEM image of
tumor tissue retrievedat 24 h intravenous injectionof SAN. Arrows indicate gold nanoparticle aggregates (scale bar: 1 μm). (g)
Optical microscope images after silver enhancement staining of tumor tissues sectioned 24 h after intravenous injections
(scale bars: 100 μm). (h) In vivowhole-body CT imaging for tumor accumulation at 3 day after the intravenous injection.White
indicates the bones, and dots (red arrows) indicate the gold nanoparticles (scale bars: 10 mm). (i,j) CT images (i) and
corresponding accumulation levels of gold nanoparticles in relative Hounsfield unit (j) in the tumor at 1, 2, and 3 day after
intratumoral injections. Yellow indicates gold nanoparticles in the tumor (scale bars: 10mm). Hounsfield units are normalized
to that of 1 day (*P < 0.05 and **P < 0.01 compared to SAN group).
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at 24 h. The control MAN showed significantly smaller
tumor accumulations when compared with the cases
of SAN or SANDC at all circulation times (Supporting
Information Figure S5). The highest accumulation of
MAN was 0.64% ID/g at 4 h, which is 17 times smaller
than that of SAN at 24 h. It is remarkable that, despite
the trapping in RES organs, SANs and SANDCs showed
comparable tumor accumulation levels to the cases of
larger and antifouling surface-coated NPs such as
polyethylene glycol-decorated NPs.8,17,37,38 The high
tumor accumulation of SANs and SANDCs is thought to
result from the efficient permeation into tumor by the
small size and their slow clearance from the tumor
region by their aggregation capability. Small and ne-
gatively charged NPs, like SAN and SANDC, can rapidly
diffuse into tumor extracellular matrix and penetrate
deep into tissues.39 Once permeated, NPs with the
small hydrodynamic size should be rapidly cleared
from the interstitial space of tumor; however, large
NP aggregates can effectively accumulate in the tumor
region.40 To simulate the pH-induced aggregations
in vivo, SAN and SANDC were monitored in 100% fetal
bovine serum (FBS). When SAN and SANDC were each
incubated in pH 5.5 FBS at 37 �C, both samples showed
the formation of AuNP aggregates as confirmed by the
absorption shift, hydrodynamic size, and TEMmeasure-
ments (Supporting Information Figure S6). In neutral
pH FBS at 37 �C, both SANand SANDC samples retained
the colloidal stability. The formation of Au NP aggre-
gates was pH-responsive and not from simply losing
the colloidal stability. The colloidal stability is necessary
for effective tumor permeation because extravasation
of large aggregates should be limited by the transvas-
cular pore barriers in the vessel wall.41 To exclude the
possibility that control MAN/MANDC lose the colloidal
stability in dilutionmedium or in vivo environment and
fail to permeate into the tumor, their colloidal stability
was studied by monitoring the absorption changes in
PBS and FBS. No noticeable changes in absorption
were found up to 24 h, indicating the colloidal stability
in in vivo (Supporting Information Figure S7). At the
cellular level, SANs or SANDCs can easily enter cancer
cells because of their relatively small size and can
accumulate in the cancer cells by effectively blocking
the exocytosis. Their relatively small size also allows
them to permeate effectively into a tumor region. After
they are extravasated into the tumor interstitial space,
they accumulate in the region as aggregate and in-
crease their size. The aggregation of SANs in the tumor
region was directly confirmed by TEM (Figure 5f). The
tumorwas dissected at 24 h after intravenous injection,
and the tissue was embedded with epoxy resin and
sectioned. Many aggregates of SANs were observed,
some of whichwere as large as 200 nm, which is similar
to the size of aggregates found in acidic FBS medium
shown in Figure S5. Following types of Au NPs were
intravenously injected into mice: SAN, SANDC-40,

SAN&D-40, MAN, and physical mixture of MAN and
Dox (abbreviated as MAN&D-40). Saline and Dox were
used as control. At 24 h post-injection, the tumor
tissues were excised and enhanced by silver staining
for microscopic histological examination. The silver
staining revealed large accumulations of Au NPs in
the cases of the SANs and SANDCs (Figure 5g). In
contrast, no appreciable silver staining was observed
for the MANs and MAN&Ds; their staining level was
comparable to the control cases of Dox and saline. The
fixed tumor tissues at 24 h post-injection were also
imaged by the micro-CT system (Supporting Informa-
tion Figure S8). Many Au NPs were found in the fixed
tissues of the SAN, SANDC, and SAN&D cases, con-
firmed by the high levels of X-ray scattering. This CT
results coincide with those of the silver staining experi-
ment. In vivo whole-body CT imaging was also per-
formed to further confirm the tumor accumulation of
different types of Au NPs. The in vivo CT analysis
showed that the intravenously injected SAN, SANDC,
and SAN&D were more accumulated in the tumor
region than MAN and MAN&D at 3 day post-intrave-
nous injections (Figure 5h). The Hounsfield unit in the
tumor region quantitatively showed the higher accu-
mulation of SAN, SANDC, and SAN&D overMAN&D and
MAN (Supporting Information Figure S9). To demon-
strate the slow clearance of SAN and SANDC in vivo and
verify their high accumulations in tumor, their accu-
mulations in a well-established tumor were evaluated
through CT analysis after intratumoral injections. CT
analysis of the tumors that were surgically retrieved on
day 1, 2, and 3 after the intratumoral injection of
different types of Au NPs showed that SANDC, SAN,
and SAN&D remained more efficiently than MAN and
MAN&D in the tumor region, showing a slower clear-
ance rate from the tumor (Figure 5i). The accumulation
levels of each sample in the tumor were quantified
using Hounsfield unit (Figure 5j). SAN, SAN&D, and
SANDC can aggregate in tumor and increase the size
of the aggregates. This is thought to result in the
effective accumulation and high retention of the NPs
in the tumor by their slow clearance from the tumor
region.

Tumor Suppression at the Whole-Body Level. Aggregated
Au NPs in a tumor can generate heat shock upon
irradiation with external light. To monitor the heat
generation, the local temperature increase in the tumor
was measured during laser irradiation (660 nm, 0.5
W/cm2). SANDC-40, SAN&D-40, SAN, Dox, MAN&D-40,
MAN, and saline were intravenously injected into mice.
At 24 h post-injection, a thermocouple needle was
inserted into the tumor region, and the local tempera-
ture was measured for the 5 min duration of the laser
irradiation and for 3min post-irradiation (Figure 6a). The
SAN, SAN&D, and SANDC samples showed a similar
rapid increase in their temperature (by an increment of
∼15 �C). After laser irradiation, the temperature quickly
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returned to its ambient temperature, which indicates
the efficient dissipation of heat into the surroundings of
the locally heated area. The MAN and MAN&D controls
showed temperature profiles that were very similar
to the cases of the control Dox and saline. This set of
results demonstrates the high photothermal conversion
efficiency of SANs, SAN&Ds, and SANDCs. They can
efficiently form aggregates in tumor, and the aggrega-
tion-induced red shift of their absorption provides
selective exploitation of the external light. The tempera-
ture increase observed for the SAN, SAN&D, and SANDC
treatments should be sufficient for tumor ablation.15,42

Dox typically exhibits a threshold temperature of 42�43
�C for thermally enhanced cytotoxicity.43 Conventional
hyperthermic strategies require the temperature to be
limited to less than 44 �C to avoid systemic side
effects.44 SAN-based photothermal therapy can provide
heat to the tumor in a highly selective fashion. As a
result, a higher local temperature can be applied, which
can increase the synergistic interaction with reduced
concerns over the side effects.

The therapeutic efficacy of SANDCs was further
studied at the whole-body level. Mice were intrave-
nously administered with SANDC-40, SAN&D-40, SAN,
MAN, MAN&D-40, Dox, or saline at 3 day intervals
for a total of four treatments (at days 1, 4, 7 and 10).
At 24 h after each injection, the mice were exposed to
laser irradiation for 5 min (660 nm, 0.5 W/cm2). To
quantitatively evaluate the therapeutic efficacy,
changes in the relative tumor volume were recorded
for 15 days (Figure 6b). The SANDC, SAN&D, and SAN
treatments showed significant suppression of tumor
growth. SANDCs showed the largest suppression, ex-
hibiting a complete halt in tumor growth until the last
laser irradiation (day 10) and reducing the final tumor
size 2 times smaller than that of SAN or SAN&D
treatment (see Supporting Information Figure S10 for
themagnified portion of Figure 6b). The tumor sizewas
more than 20 times smaller for the SANDC case than
the MAN or saline case. MAN&D and Dox showed only
slight suppression of tumor growth compared to the
MAN and saline cases. The Dox dosage (∼2.4 mg kg�1)

Figure 6. Tumor suppression at thewhole-body level. (a) Local temperature of tumor core during and after the laser irradiations
(n g 4). *P < 0.05 and **P < 0.005 are noted between SAN and saline. (b�e) Relative tumor volume changes over 15 days with
(b) orwithout (d) repeated laser irradiations (ng 6). The arrows indicate injection timepoints (day 1, 4, 7, and 10). **P<0.005 and
***P < 0.001 are noted between SAN and Dox. #P < 0.05 is noted between SANDC and SAN. On day 15, final tumor mass was
measured for the case of repeated laser irradiations (c) and for the case of no laser exposure (e). (f,g) qRT-PCR results of p21 and
p32 protein expression levels of tumor tissues after repeated laser irradiations (f) or after no laser irradiation (g) (n = 5). *P < 0.05
and ***P < 0.001 for comparison with saline control. (h,i) TUNEL and DAPI-stained images of tumor tissues (h) and the TUNEL-
positive cell percentages (i) (scale bars: 200μm). **P<0.005 and ***P<0.001 for comparisonwithDox,MAN&D,MAN, and saline.
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was not sufficiently high to show significant therapeu-
tic efficacy alone. On the last day, the tumor mass was
collected and weighed. The SANDC treatment showed
the lightest tumor, followed by SAN, SAN&D, Dox,
MAN&D, and MAN, in increasing order of weight
(Figure 6c). This result correlates well with the tumor
volume change. When the experiment was repeated
without laser irradiation, no significant difference was
observed in the tumor volume and the final tumor
weight among the SANDC, SAN, Dox, MAN&D, MAN,
and saline cases (Figure 6d,e). To understand the
pathological mechanism of the SANDCs, gene expres-
sion levels were studied using quantitative real-time
PCR (qRT-PCR). The expression levels of mRNA for pro-
apoptotic p32 and p21 proteins were measured from
the tumor tissues (Figure 6f). Upregulated p32 and p21
are known results of thermal stress and Dox-induced
growth arrest, respectively.16,45 Only the SAN, SAN&D,
and SANDC treatments showed significant p32 levels,
which indicate a high thermal stress level caused by
the photothermal effect. Remarkably, an elevated ex-
pression level of p21 was only observed for SANDCs.
Dox at the low dosage was therapeutically effective
only when synergistically administered in the SANDC
and not for the case of SAN&D or Dox alone. The
experiment was repeated without laser irradiation,
and no noticeable changes of p32 and p21 were
observed (Figure 6g). A TUNEL assay was performed
tomeasure the apoptosis level in tumor tissues after an
experiment identical to that for Figure 6b,c. DAPI
staining was concurrently performed to identify
healthy cells (Figure 6h). The SANDC sample showed

the highest TUNEL-positive to DAPI-positive ratio
(Figure 6i). The ratio was also high for the SAN&D and
SAN samples, which reached approximately 74 and
80% of the value determined for the SANDC, respec-
tively. All other cases (MAN, MAN&D, Dox, and saline)
returned a ratio that was less than half of that observed
for SANDC. Apoptotic cells weremost frequently found
for SANDCs, which indicates significant apoptosis-in-
duced cell death and effective tumor regression. Other
vital organs, including the liver, spleen, and kidney,
were also harvested for their toxicological investiga-
tions using H&E staining at day 15 after the adminis-
tration of SANDC, SAN, SAN&D,Dox,MAN&D,MAN, and
saline as for the experiment for Figure 6b,c. For all of
the investigated organs irrespective of the adminis-
tered samples, no noticeable cytotoxic damage was
found (Supporting Information Figure S11).

CONCLUSIONS

We report that SANDCs, an engineerable combina-
tion cancer therapy platform, can exploit the spatiotem-
poral concertion between chemo and thermo agents in
a controllable and sophisticated manner. SANDCs show
a high level of accumulation in tumorswithout an active
tumor-targetingmoiety, and they are “doubly” selective
as a result of their pH-responsive Dox release and their
aggregation-induced absorption shift. This double
selectivity has yielded a highly synergistic effect, show-
ing nearly an order ofmagnitude enhanced cytotoxicity
in vitro when compared with two sequential indepen-
dent treatments. This combined therapy significantly
reduced the therapeutically effective dosage to a level
at which each independent therapy would not show
significant efficacy. Using an in vivo model, significant
tumor growth suppression was demonstrated for the
SANDC treatment without noticeable damage to the
other organs. SANDC combination therapy demon-
strates a means of achieving spatiotemporal concertion
at the subcellular, cellular, and organ levels by nano-
structure engineering. This concertion of treatment
methods led to a highly synergistic effect and to the
expansion of the therapeutic window for anticancer
reagents, which could minimize side effects.

METHODS

Synthesis of SANDC. A pH-senstive surface molecule that con-
tains a hydrolysis-susceptible citraconic amide moiety was
synthesized and introduced to the surface of 10 nm sized citrate
gold nanoparticles to obtain SANs as described in the previous
report.9 The following is a typical protocol for SANDC-20 pre-
paration. For other SANDCs, the Dox conjugation ratio was
controlled by adjusting the amount of Dox used. Briefly, SANs
were purified by centrifugation (using an Amicon ultra 100 kDa
MWCO centrifugal filter) and dispersed in 10 mM pH 7.0
phosphate buffer solution to obtain a 500 nM SAN solution.
To the SAN solution were added 1 μmol of N-(3-dimethyl-
aminopropyl)-N0-ethylcarbodiimide hydrochloride (Sigma) and

2 μmol of N-hydroxysulfosuccinimide sodium salt (Fluka), and
the solution was mixed vigorously at room temperature for 25
min. The activated SANs were purified by repeated centrifuga-
tion and dilution with the buffer; this process was repeated
three times. Two nanomoles of doxorubicin hydrochloride
(Sigma) was dissolved in 50 μL of 50 mM pH 8.0 phosphate
buffer solution and mixed with the activated SAN solution. The
pHof the solutionwas 7.4 aftermixing. Themixture solutionwas
incubated at room temperature for 3 h. Dox conjugation yield
was close to unity; we were not able to find any noticeable free
Dox from quantitative analyses such as dialysis and size exclu-
sion chromatography. UV�vis absorption spectra were ob-
tained using an Agilent 8453 UV�vis spectrophotometer, and

TABLE 1. Primer SequencesAnalyzed for theQuantification

of β-Actin, p21, and p32 Protein Expression Levels

primer sequences

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

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

p21 sense 50-TCT TCT GCT GTG GGT CAG GAG-30

antisense 50-GAG GGC TAA GGC CGA AGA TG-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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fluorescence spectra were measured on a SPEX FluoroLog 3
(Jobin Yvon Horiba) spectrofluorometer.

Fluorescence and Dark-Field Microscopy. B16 F10 mouse melano-
ma cells were purchased from the Korean Cell Line Bank. B16
F10 cells were maintained in minimum essential medium with
Earle's balanced salts (MEM/EBSS, HyClone), which was supple-
mented with 10% fetal bovine serum (FBS, GIBCO) and 1%
penicillin�streptomycin (PS, GIBCO). B16 F10 cells were grown
onto 12mm glass coverslips in 24-well plates at a density of 1�
105 cells/well at 37 �C under 5% CO2. After 1 day, the cells were
treated with 20 nM SANDC-20. As controls, 20 nM of SAN&D-20,
SAN, or 400 nM Dox were used. These samples were incubated
for 1, 6, 12, 24, and 48 h at 37 �C under 5% CO2. The cells were
rinsed with PBS three times and fixed with 4% formaldehyde at
room temperature for 20 min. The cells were further washed
with PBS three times. For counterstaining of the nuclei with 40 ,6-
diamidino-2-phenylindole (DAPI, Invitrogen), 100 nM DAPI PBS
solution was added to the cells and incubated for 5 min. They
were then mounted onto slide glasses using an aqueous
mounting medium with an antifading agent (Biomeda). The
fluorescence and dark-field images were recorded using a Zeiss
Axioplan 2 microscope. A high numerical dark-field condenser
(0.75�1.0) and a 100�/1.3 oil iris objective (Zeiss) were used for
dark-field images. The pictures were taken using a Zeiss Axio-
cam HR camera.

Relative Viability Levels in Dark Conditions. B16 F10 cell suspen-
sion (5000 cells/well) was dispensed in a 96-well plate (Corning)
and incubated for 1 day at 37 �C under 5% CO2. Cells were co-
incubated in dark conditions with 20 nM of SANDC-20, SAN&D-
20, SAN, or 400 nM Dox. Similarly, cells were co-incubated with
20 nM of SANDC-1 and Dox. These samples were incubated for
1, 3, 6, 9, 12, 24, 36, and 48 h at 37 �C under 5%CO2. At the end of
each incubation time, Cell Counting Kit-8 solution (CCK-8,
Dojindo Laboratories) was added to the samples according to
the manufacturer's instructions. After further incubation for 2 h,
the absorbance at 450 nm was measured using a microplate
reader. The results of this measurement were expressed as the
ratio between the absorbance of the sample and that of the
negative control cells.

Nuclei Isolation and Quantification of Gold Concentration Using ICP-
AES. B16 F10 cells (6 � 106) were grown on a 100 mm dish
(Corning) and co-incubated for 24 hwith 20 nM SAN, SANDC-20,
or SAN&D-20. The cells were rinsed with PBS three times, and
nuclei were isolated using a nuclei isolation kit (Nuclei EZ Prep
Kit, Sigma) according to the manufacturer's instructions. The
purity of isolated nuclei was determined by visual microscopic
inspection of the nuclei stained by trypan blue, and the nuclei
isolation yields were higher than 90% for all of the samples. The
nuclei were lysed with aqua regia, and the determination of the
gold concentrationwas performed quantitatively by inductively
coupled plasma atomic emission spectrometry (ICP-AES, Ther-
mo Electron Co.).

Investigation of Cellular Distributions of Au NPs Using TEM. B16 F10
cells (1� 107) were grown on a 100 mm dish and co-incubated
for 24 h with 20 nM SANDC-20, SAN&D-20, or SAN. The cells
were then fixed with 2.5% glutaraldehyde in a 0.1 M cacodylate
buffer (pH 7.2) for 24 h at 4 �C and rinsed three times with cold
0.1 M cacodylate buffer. The cells were fixed with 1% osmium
tetraoxide (Ted Pella) for 1 h at 4 �C andwashed three timeswith
cold distilled water. They were dehydrated through a series of
graded ethanol (50, 60, 70, 80, 90, 95, 98, and 100%) and
propylene oxide rinses and finally embedded in epoxy resin
(Epon 812). The samples were then polymerized at 60 �C for
24 h, cut into thin slices using an ultramicrotome (Leica), and
collected on 200-mesh copper grids. The thin sections of cells
were stained with uranyl acetate (2% in ethanol) for 10 min and
then with lead citrate for 5min. They were observed by a Philips
Tecnai G2 F20 at 200 kV.

Cancer Therapy at the Cellular Level. B16 F10 cell suspension
(5000 cells/well) was dispensed into a 384-well plate (Nunc)
and incubated at 37 �C under 5%CO2 for 1 day. For the SANDC-1
and control cases, 20 nM SANDC-1, Dox, SAN, or SAN&D-1 was
co-incubated with cells for 9 h. The cells were then irradiated
with a 660 nm cw laser for 1 min at a power density of 8 W/cm2.
To demonstrate the synergistic effect, 20, 200, 400, and 800 nM

Dox, 20 nM SAN, SANDCs, or SAN&Ds were co-incubated with
cells for 9 h. The cells were irradiated by a 660 nm cw laser for 0,
1, 3, 5, and 10 min at a power density of 8 W/cm2. Viability was
evaluated by adding CCK-8 to each cell solution according to
the manufacturer's instructions. After 2 h incubation, the ab-
sorbance at 450 nm was measured using a microplate reader.
These results were expressed as the ratio of the absorbance of
the sample to that of the negative control, which consisted of
cells exposed to laser irradiation without sample co-incubation.
To determine the threshold power densities, cells (3� 105 cells/
well) were grown onto 12-well plates. After 1 day, the cells were
co-incubated with 20 nM SAN, SANDC-40, SAN&D-40, MANDC-
40, or 800 nM Dox for 24 h. As a control, cells were incubated
without any samples. The cells were rinsedwith culturemedium
three times and exposed to laser irradiation for 5 min at
different power densities. Trypan blue was applied to the
samples at room temperature for 5 min to reveal cell mortality
as blue staining.

Biodistribution of Au NPs in Tumor-Bearing Mice. Four week old
female hairless athymic nu/nu mice (20�25 g body weight)
were purchased from Orient Bio (Seoul, Korea). The mice were
anesthetized with xylazine (10 mg/kg) and ketamine (100 mg/
kg), and then B16 F10 cells (1 � 107 cells/mL) were injected
subcutaneously into the flank of each mouse. The mice were
randomly sorted for treatments when the tumors reached a
diameter of 1 cm. They were anesthetized, and 100 μL PBS
solutions of SAN, SANDC-40, or MAN were administered intra-
venously via tail vein (n = 3). The concentrations werematched
for 1 μM Au NPs for SAN and MAN, and 1 μM Au NP and 40 μM
Dox for SANDC. They were allowed to circulate for 1, 4, 24, 48,
or 72 h. Stomach, heart, lung, spleen, liver, kidney, and tumor
tissues were excised after the mice were sacrificed at each
time point, followed by lysis using aqua regia. The average
weights of tumors for the mice injected with SAN, SANDC, and
MANwere 0.47((0.19), 0.61((0.28), and 0.64((0.42) g, respec-
tively. The determination of the gold concentration in each
organ and tumor tissue was performed quantitatively by ICP-
AES.

Investigation of Tumor Accumulation of Au NPs Using TEM. To
determine the intratumoral localization, 1 μMSANPBS solutions
(100 μL) were intravenously injected into the tumor-bearing
mice when each tumor reached the size of 1 cm in diameter.
The mice were sacrificed at 24 h post-injection, and the tumors
were subsequently excised and fixed using 4% formaldehyde
solution. The tumors were then fixed with 1% osmium tetra-
oxide, dehydrated using a series of graded ethanol and propy-
lene oxide, embedded with epoxy resin, and cut into thin
slices after polymerization, similar to the method used for the
cellular preparations. They were observed by a JEOL JEM-1011
at 100 kV.

Quantification of Gold Accumulation in Tumor Tissues Using Silver
Enhancement Staining and CT Analysis. A PBS solution (100 μL) of
SAN, SANDC-40, SAN&D-40, MAN, MAN&D-40, Dox, or saline
(100 μL) was injected either intravenously or intratumorally into
tumor-bearing mice. The concentrations were matched for 5
μM Au NP and 200 μM Dox when they were contained in the
sample. For silver enhancement staining, the mice were sacri-
ficed and the tumors were excised after 24 h intravenous
injections of samples. Then, tumor tissues were fixed in 10%
formalin for 24 h and embedded in paraffin blocks. The blocks
were sectioned transversely at a thickness of 4 μm and stained
using silver enhancer solution (Sigma) according to the manu-
facturer's instructions. The silver staining of the tissue sections
was examined using a Zeiss Axioplan 2 microscope, and pictures
were taken using a Zeiss AxiocamHR camera. For CT analysis, the
tumor tissues were fixed in a 10% phosphate-buffered formal-
dehyde solution for 24 h at 1 day post- intravenous injections or
1, 2, 3 day post-intratumoral injections. The CT images of tumor
tissues were obtained with a micro-CT system (SkyScan-1076;
Skyscan, 40 kV, 250 mA). CT images were also obtained from
living mice on day 3 after intravenous injections of samples.
CT image processing and Hounsfield unit calculation were
performed using CT analyzer software (Skyscan).

Cancer Therapy at the Whole-Body Level. Four week old female
hairless athymic nu/nu mice (20�25 g body weight) were
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anesthetized, and B16 F10 cells (1 � 106) were injected sub-
cutaneously into the flank of each mouse. The mice were
randomly sorted for treatments when the tumors reached
approximately 5�10mm in diameter asmeasuredwith a digital
caliper (within 2 weeks of subcutaneous injection of B16 F10
cells). The mice were anesthetized, and a 100 μL PBS solution of
SANDC-40 (n = 9), SAN (n = 8), SAN&D-40 (n = 8), Dox (n = 9),
MAN&D-40 (n = 8), MAN (n = 8), or saline (n = 6) was
intravenously injected via the tail vein. The concentrations were
matched for 5 μM Au NPs and 200 μM Dox when they were
contained in the sample. The mice were periodically injected
with each sample at 3 day intervals for a total of four treatments
(days 1, 4, 7, and 10). The samples were allowed to circulate for
24 h to accumulate in the tumors prior to laser exposure. After
24 h post-injection, the tumors were either exposed to laser
light (660 nm cw diode laser, ca. 1 cmdiameter, 0.5W/cm2) for 5
min under anesthesia or to anesthesia without irradiation. The
sizes of the tumors were measured at regular intervals using a
digital caliper, and the tumor volume was estimated by ellip-
soidal calculation as V = (width)2 � length � π/6. Errors are
reported as the standard deviation of the mean, and the
significance was determined using the unpaired, two-tailed
t-test. The animal study was approved by the Institutional
Animal Care and Use Committee of Seoul National University
(No. SNU-100422-5).

qRT-PCR Result of p21 and p32 Protein Expression Levels of Tumor
Tissues. Tumors harvested at day 15 were homogenized and
lysed in TRIzol reagent (Invitrogen). Total RNA was extracted
with chloroform and precipitated with 80% (v/v) isopropyl
alcohol. After the supernatant was removed, the RNA pellet
was washed with 75% ethanol, air-dried, and dissolved in 0.1%
diethyl pyrocarbonate-treated water. The RNA concentration
was determined by measuring the absorbance at 260 nm using
a UV�vis spectrophotometer. Reverse transcription was per-
formed using 5 μg of pure total RNA and SuperScriptTM II
reverse transcriptase (Invitrogen). The qRT-PCR reactions were
performed for β-actin, p21, and p32 mRNA using a Light Cycler
480 (Roche) with SYBR Green I (TAKARA). After preincubation for
5 min, 35 amplification cycles were performed. Each cycle
consisted of the following three steps: 30 s at 94 �C, 45 s at 60
�C, and 45 s at 72 �C. The primer sequences for qRT-PCR are
shown in Table 1. All data were analyzed using the 2�ΔΔCt

method.
Toxicological Investigations Using the TUNEL Assay. Mice were

sacrificed at day 15, and tumors were harvested for use in
toxicological investigations. The tumor tissues were fixed in
10% formalin for 24 h and embedded in paraffin blocks. The
blocks were sectioned transversely at a thickness of 4 μm. The
TUNEL assay was performed to determine the apoptotic activity
of the tumor tissues using an ApopTag Red in situ apoptosis
detection kit (Millipore) according to the manufacturer's
instructions.
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