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P
hotothermal therapy (also referred to
as photothermal ablation, photother-
molysis, or optical hyperthermia) of

solid tumors is an attractive method for
treating solid tumors in aminimally invasive
manner.1-6 This technique, which typically
involves the conversion of absorbed light
into local heating through nonradiative me-
chanisms, is relatively simple to use for
cancer cell ablation and may have several
advantages, such as fast recovery, fewer
complications, and shorter hospital stay.7

In particular, the near-infrared (NIR) light
used in this manner provides deep-tissue
penetration with high spatial precision
without damaging normal biological tissues
due to the low-energy absorption of NIR
light by normal tissues.8-10

Several nanostructures, including aggre-
gated gold nanoparticles,11,12 gold nano-
shells,13-15 gold nanocages,16 hollow AuAg
dendrites,7 gold nanorods (GNRs),17-19 car-
bon nanotubes,20 and copper sulfide (CuS)
nanoparticles,21 have been investigated for
NIR photoactivated cancer therapy. In all
cases, light is converted into heat by surface
plasmon resonance. In the case of spherical
gold nanoparticles, the absorption maxi-
mum exists between 400 and 600 nm.
Therefore, in in vivo applications, very low
light penetration and thus inefficient photo-
thermal heating is generated.12 In contrast,
GNRs have attracted much interest because
the absorption range of light can be finely
tuned by adjusting the aspect ratio, so the
heating efficiency can be maximized by
using∼800 nm absorption maximum. Also,
they have the advantages of efficient large-
scale synthesis, easy functionalization, and
colloidal stability.22,23 Despite these advan-

tages, the clinical application of GNRs might
be limited due to a slight cytotoxicity caused
by the remaining excess cetyltrimethylammo-
nium bromide (CTAB), which is used as a
template during synthesis and envelops the
surfaces of the GNRs.19,24 Thus, the surface
modifications of GNRs have been reported to
reduce the cytotoxic effect;25 for example,
phosphatidylcholine (PC)-modifiednanorods,26

poly(4-styrenesulfonic acid) (PSS)-coated nano-
rods,27 GNR-embedded polymeric nanoparti-
cles,28 and PEG-modified nanorods29,30 have
shown cytotoxicities lower than that of the
CTAB-capped nanorods themselves and good
photothermal effect.30

In addition, specific targeting of GNRs to a
target tumor is another key issue for effi-
cient photothermal cancer therapy. Apta-
mer-conjugated nanorods,31 folate-conjugated
nanorods,32 and RGD-conjugated dendrimer-
modified nanorods33 have demonstrated

* Address correspondence to
gytae@gist.ac.kr.

Received for review November 10, 2010
and accepted February 11, 2011.

Published online
10.1021/nn103047r

ABSTRACT We developed a very effective hyperthermia system for successful photothermal

cancer therapy. Instead of applying individual gold nanorods (GNRs) that can absorb NIR light, GNRs

were loaded into functional nanocarriers that could provide stable storage of GNRs and selective

delivery to a target tumor site. The functional nanocarriers (chitosan-conjugated, Pluronic-based

nanocarriers) were prepared by chemically cross-linking Pluronic F 68 with chitosan conjugation to

form a flexible, soft, and excellent reservoir for biomacromolecules as well as tumor targeting. In

vivo characteristics of the nanocarriers including a long circulation time, a good tumor accumulation,

and low liver uptake were previously characterized by us. When GNRs were delivered by using these

nanocarriers, much enhanced in vitro cellular uptake and a photothermal effect were observed for a

cancer cell line. More importantly, an intravenous injection of this system followed by NIR laser

irradiation to the tumor site resulted in a very efficient thermolysis in vivo. Thus, apparently

complete tumor resorption was achieved without damage to the surrounding tissue, suggesting a

promising candidate for clinical phototherapeutic applications.
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selective and efficient photothermal killing of targeted
tumor cells. Although ligand-conjugated GNRs have
been effective for photothermal killing of cancer cells
in vitro, desirable photothermal therapeutic effects in
an in vivo animal model have been limited due to a
high liver uptake during circulation.34 A high-level
localization in the liver of CTAB-stabilized GNRs at
0.5 h after intravenous injection, which might be
associated with the hard and rigid characteristics of
GNRs, was reported.29 To overcome the limited effect
of GNRs on in vivo photothermal cancer therapy,
PEGylation of GNRs was attempted to lower the cyto-
toxicity and the liver accumulation of GNRs.29 How-
ever, complete suppression of tumor growth when
using a hyperthermia-based treatment was not
achieved, probably due to the very fast excretion of
the PEGylated GNRs from the body (half-life of ∼1 h).
Thus, a new biocompatible vehicle for the efficient
delivery of GNRs into tumor sites is still an unmet need
for safe and effective cancer therapy based on GNRs.
Previously, we developed photo-cross-linked, Pluro-

nic-based, temperature-sensitive nanocarriers that
possessed excellent reservoir characteristics and a
simple loading method with high loading capacity
for large molecules (e.g., proteins and gold nano-
particles).35 Importantly, these nanocarriers showed a
long circulation time, a good tumor accumulation, and
low liver uptake, which were associated with the flexi-
ble and soft characteristics as well as the hydrophilic
surface from the PEG part of Pluronic. Furthermore, the
tumor targeting and prolonged circulation (up to 72 h)
were significantly improved and could be optimized
by chitosan conjugation (Figure S1 in Supporting

Information).36 Therefore, in this study, we applied
the GNR-loaded, Pluronic-based nanocarriers as a hy-
perthermia agent for enhanced photothermal cancer
therapy. The GNR-loaded nanocarriers showed serum
stability and photothermolysis of cancer cells in vitro.
The GNR concentration and the laser power density
required for photodestruction of cancer cells were also
significantly reduced, compared to other formulations,
by using the nanocarrier system.31,32 Most of all, the
optimized GNR-loaded nanocarriers resulted in a very
impressive therapeutic effect in vivo in nude mice
bearing tumors; an apparently complete resorption
of the tumor was achieved.

RESULTS AND DISCUSSION

GNRs are known to have two absorption bands; one
is a weak short-wavelength band around 520 nm due
to transverse electronic oscillations, and the other is
the longitudinal plasmon band, which can be varied
from the visible to the NIR region by increasing the
aspect ratio (length/width) of GNRs.37 For effective
cancer cell imaging and photothermal cancer
therapy,38 GNRs (aspect ratio of∼4) with a longitudinal
absorption band at around 800 nm were synthesized
by using the seed-mediated growthmethodwith CTAB
templates (Figure 1a).39 Then, both the bare form
made of Pluronic F 68 (NC(PF 68)) and the chitosan-
conjugated form (Chito-NC(PF 68)) of Pluronic-based
nanocarriers were prepared as carriers for GNRs by
using photopolymerization, as previously reported by
us (Figure 2).36 Because they showed excellent reservoir
characteristics with a high loading capacity of target
molecules as well as the flexible and soft characteristics,

Figure 1. (a) Absorption spectra and transmission electron microscope (TEM) images (inset scale bar = 50 nm in the case of
GNRs and 100nm in the case of other groups) of GNRs themselves andGNR-loadednanocarriers. (b) Hydrodynamic diameters
and surface charges (zeta-potential) of nanocarriers themselves and GNR-loaded nanocarriers (mean ( SD, n = 3).
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GNRs with an NIR optical window could be efficiently
loaded into the nanocarriers by using co-incubation at
4 �C based on the thermosensitive properties of the
nanocarriers, as schematically illustrated in Figure 2.
The morphologies of the GNRs and the GNR-loaded

nanocarriers were imaged after negative staining with
phosphotungstic acid by using a TEM (insets of
Figure 1a). The GNRs were properly loaded inside the
nanocarriers for both types without changing the
spherical shapes of the nanocarriers. The hydrody-
namic diameters and the surface charges (zeta-poten-
tial) of the nanocarriers at 37 �C were not affected by
the loading of GNRs. As shown in Figure 1b, the nano-
carriers themselves and the GNR-loaded nanocarriers
had similar average sizes. While the zeta-potentials of
the GNRs stabilized in a CTAB solution showed a highly
positively charged surface state (þ36.5 ( 2.4 mV),
the GNR-loaded nanocarriers showed surface charges
similar to that of the nanocarriers themselves, suggest-
ing effective shielding of the GNRs by loading them
inside the nanocarriers.
The optical stabilities of the GNRs and the GNR-

loaded nanocarriers dispersed in an aqueous solution
were also examined at several time points (Figure 1a).
The GNRs themselves showed a blue shift (shorter
wavelength) of the absorption spectrum, which was
previously reported due to the reshaping of the GNRs
in an aqueous environment,40,41 that would limit the
use of GNRs in an aqueous environment as initially
planned. On the other hand, the GNRs loaded in the
nanocarriers resulted in no change in the absorption
spectra, not even at day 7, revealing that loading GNRs
into nanocarriers could prevent the unstable reshaping
of GNRs, presumably by the interaction of GNRs with
the nanocarriers.41 In the presence of serum proteins,
the advantage of using the nanocarrier became even

clearer. GNRs were aggregated and settled down with-
in 1 day, whereas a stable suspension of GNR-loaded
nanocarriers with the same absorption spectra was
observed. In addition, the nanocarriers could effec-
tively hold the GNRs inside (over 85% in 2 days in the
physiological environment, Figure 3). Therefore, the
nanocarriers were excellent vehicles for the stable
loading of GNRs for further applications.
The cytotoxicity of the GNR-loaded nanocarriers was

evaluated by using squamous carcinoma (SCC7) tumor
cells and NIH/3T3 fibroblast cells and by using a WST-1
assay. Neither the GNRs nor the GNR-loaded nanocar-
riers affected the metabolic activities of the two types
of cells up to 100 μg/mL (based on GNR amounts),
whereas the GNRs themselves showed a much lower
cell viability than that of the GNR-loaded nanocarriers
at higher concentrations of GNRs in the two types of
cells (Figure S2 in Supporting Information). Both types
of the nanocarriers themselves showed nearly 100%
cell viability up to 1000 μg/mL in the two types of cells,
and they were stably dispersed in serum-containing
medium without aggregation, as previously reported.35

Figure 2. Schematic illustration of the preparation of the Pluronic-based nanocarriers and GNR loading into the nanocarriers.

Figure 3. Stable storage of GNRs in the nanocarriers in PBS
(pH 7.4, 10% FBS) at 100 rpm and 37 �C.
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Therefore, the nanocarriers used in this study should not
cause any acute cytotoxic effect or aggregation during
circulation in in vivo applications.
The cellular uptake of GNRs was characterized by

taking light scattering images (50 μg/mL in terms of
GNR amount, Figure 4). The cellular uptake of GNRswas
significantly enhanced by loading the GNRs into the
nanocarriers. Compared to almost no signal in the case
of the direct application of GNRs, the bright spots
coming from theGNRswere detected in the cytoplasm,
and for the same nanocarriers, a higher cellular uptake
was observed from the tumor cells than from normal
fibroblast cells, suggesting more efficient cellular up-
take of GNRs into tumor cells than normal cells. In
addition, the cellular uptake of GNRs was higher for the
chitosan-conjugated nanocarriers than the bare nano-
carriers. The cellular uptake of the nanocarriers them-
selves, characterized by using Cy5.5-labeled nano-
carriers, also showed results similar to those in the
light-scattering images (Figure S3 in Supporting Infor-
mation).36 Inefficient cellular uptake by the direct
application of GNRs that are covered by CTAB was a
good agreementwith the previous report.19 The extent
of cellular uptake of chitosan-conjugated nanocarriers
was much higher than that of corresponding bare
nanocarriers at each incubation time. The enhanced
cellular uptake due to chitosan modification has been
reported by other systems,42,43 which might be
achieved by several endocytotic pathways as reported
for other chitosan-conjugated nanoparticles.44,45 The
characteristic cellular uptake is one of the key factors in
in vivo tumor targeting because, if nanovehicles are not
taken up by the tumor cells, the vehicles will easily
diffuse back into the main bloodstream without accu-
mulation. Therefore, the result of an enhanced cellular
uptake of GNRs by loading them into nanocarriers,
especially chitosan-functionalized nanocarriers, sug-
gests that the GNR-loaded nanocarriers may show
more efficient internalization and retention in tumor
tissues in vivo.
Thus, the GNR-loaded nanocarriers with good bio-

compatibility and improved cellular uptake may act as
an effective photothermal absorber for destroying
cancer cells by NIR laser irradiation. GNRs or GNR-

loaded nanocarriers (50 μg/mL in terms of GNR
amount) were applied to both tumor and fibroblast
cells, which were then exposed to laser irradiation at a
wavelength of 780 nm with different power densities
(41.5 and 26.4 W/cm2) for 4 min. The cells were then
stained with acridine orange and propidium iodide to
characterize cell viability. As shown in Figure 5, (1) the
photothermolysis effect obtained by using the GNR-
loaded nanocarriers was enhanced compared to that
obtained by direct application of GNRs, which resulted
in almost no cell death; (2) the GNR-loaded nanocar-
riers had a much better photothermal effect on the
cancer cells (SCC7) than on the normal cells (NIH/3T3);
and (3) the chitosan-conjugated nanocarriers showed
much stronger photothermolysis than the bare nano-
carriers. All of these results are in good agreement with
the cellular uptake results, as expected. In addition, the
higher laser intensity resulted in better results. The
region of dead cells (shown in red) was the location of
the laser spot, whereas the live cells shown in green
were outside the laser spot, indicating that neither the
GNR-loaded nanocarriers themselves nor the laser
irradiation were cytotoxic, but the cytotoxic effect
resulted from photothermal heating. By reducing the
laser power density, the photothermal effect was
decreased and was not even detectable in the case
of fibroblast cells. This in vitro result suggests that
selective killing of cancer cells is possible in a proper
laser intensity range by using chitosan-conjugated
nanocarriers as a delivery vehicle for GNRs.
To further investigate the photothermal therapeutic

effect on cancer cells in an in vivo animal model with
solid tumors, the GNR-loaded nanocarriers were intra-
venously (i.v.) injected through the tail vein into

Figure 4. Light scattering images of cells observed by using
a dark-field microscope after applying GNRs or GNR-loaded
nanocarriers. The scale bar is 10 μm.

Figure 5. Fluorescence images after selective NIR photo-
thermal therapy on (a) SCC7 cancer cells and (b) NIH/3T3
fibroblast cells with GNRs or GNR-loaded nanocarriers irra-
diated by a laser at 780 nm with two different power
densities (41.5 and 26.4W/cm2) for 4min. Cells were stained
with acridine orange (live: green) and propidium iodide
(dead: red) after laser irradiation. Scale bar: 100 μm.
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athymic nude mice bearing bilateral SCC7 tumors.
Major organs including tumors were excised at 24 h
after the i.v. injection to assess the biodistribution of
GNRs. Inductively coupled plasma atomic emission
spectrometer (ICP-AES) was used to analyze quantita-
tively the amounts of GNRs in organs and tumors. As
shown in Figure 6, GNRs could be more efficiently
accumulated into the tumor site by using the nano-
carriers than that of GNRs themselves, especially in the
case of chitosan-conjugated nanocarriers, which
showed over 20% accumulation in tumor. In the case
of PEG-modified GNRs, tumor uptake was limited to
∼7%, which might result from nonspecific targeting.30

Figure S4 (in Supporting Information) also shows
the silver-staining images of representative areas of
tumors and livers from the mice treated with GNR
samples or with a saline solution as a negative control.
The GNR-loaded chitosan-conjugated nanocarriers
showed significantly higher intensities (darker color)
at tumor tissues than other groups, revealing more
efficient tumor targeting, whereas the strongest inten-
sity in the liver was obtained from the direct applica-
tion of GNRs, revealing the high liver uptake of the
GNRs themselves.
To analyze the therapeutic effect of the GNR-loaded

nanocarriers on photothermal ablation of solid tumors,
themicewere exposed to NIR laser irradiation (808 nm,
4 W/cm2) for 4 min at 24 h after the i.v. injection (left
tumors: no laser irradiation vs right tumors: laser
irradiation). As shown in Figure 7, the GNR-loaded
nanocarriers resulted in a significant suppression of
tumor growth, whereas the direct application of GNRs
showed no statistical difference in tumor regression
compared to that of the saline-treated group. As
expected, the chitosan-conjugated nanocarriers
showed remarkably suppressed tumor growth com-
pared to the bare form; no growth in tumor volume
was observed for 1 week, and a slow increase was
observed after that for one-time laser irradiation, which
clearly showed the effective tumor accumulation of
chitosan-conjugated nanocarriers and, thus, a very
efficient photothermal effect.
We further challenged photothermal cancer therapy

with an additional test using two irradiations with the

NIR laser for 4 min, one at 24 h and the other at 48 h
after the i.v. injection of the GNR-loaded nanocarriers.
With one more laser irradiation at day 2, the suppres-
sion of tumor growth was improved when using the
nanocarriers and was especially more effective for the
chitosan-conjugated form, whereas the insufficient
suppression of tumor growth in the case of direct
application of GNRs (Figure 7c,d) was not changed
significantly (no statistical difference). Interestingly, an
apparently complete resorption of tumors was ob-
served within 6 days after photothermal therapy in
the case of the chitosan-conjugated form (Chito-NC(PF
68)) (see the magnified view of Figure 7c at early time
points). This result suggests that a preferential accu-
mulation of the GNR-loaded, chitosan-conjugated na-
nocarriers was sufficient to achieve a therapeutic level
of loaded GNRs in solid tumors for photothermal
therapy using an NIR laser without apparently dama-
ging the surrounding healthy tissues.
In a separate in vitro experiment, based on the

amount of gold in the tumor site (Figure 6), the tem-
perature changes of aqueous buffer containing GNRs
and GNR-loaded nanocarriers after laser irradiation for
4 min were analyzed. As expected, the highest tem-
perature increase (47 �C) was observed in the case of
Chito-NC-GNRs due to the larger amount of GNRs,
whereas 36 and 41 �C were observed in the case of
GNRs and NC-GNRs, respectively. However, since this
assay was done in the buffer, the actual temperature
increase by photothermal therapy in the tumor, which
has a larger heat capacity than the buffer solution,
would be lower than that. Also, the absorption spec-
trum of GNR-loaded nanocarriers was not changed
after the same light exposure used in the in vivo

experiment, implying that the therapeutic effect ob-
served in the in vivo experiments was dominated by
the thermal heating of GNRs by light absorption, not by
other factors such as deformation of GNRs into cyto-
toxic gold nanoparticles after the laser exposure.46 The
minimal amount of GNRs loaded in the nanocarriers
that can cause sufficient heating (over 40 �C) by laser
irradiation was estimated to be 2.5 μg in 100 mm3

tumor. In other reports, heating effects were also
reported with the similar concentration range of GNRs

Figure 6. Biodistribution of GNRs or GNR-loaded nanocarriers in nude mice at 24 h after intravenous (tail vein) injection. The
gold amounts in tissue samples were measured by ICP-AES (n = 3).
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by an NIR laser irradiation (11.8 μg/mL for GNR-em-
bedded polymeric nanoparticles28 and 7 μg/mL for
PEG-coated GNRs30).
Overall, GNR-loaded Pluronic-based nanocarriers

may function as an effective photothermal agent for
improved photothermal cancer therapy by the effi-
cient localization of GNRs in tumor. Especially, the use
of chitosan-conjugated nanocarriers had a very effi-
cient therapeutic effect on the photothermal ablation
of solid tumors in vivo. This result corresponds well
with our previous report of tumor targeting of the
Pluronic-based nanocarriers themselves,36 which indi-
cates that the tumor-targeting characteristics of the
nanocarriers are not changed by loading macromole-
cules inside them.
In this work, the GNR concentration (50 μg/mL) and

the laser intensity (41.5 W/cm2) required for efficient
cancer cell photodestruction in vitro were significantly
lower than those for other formulations.31,32,47 In the
case of aptamer-conjugated nanorods, GNRs with
85 μg/mL were used on cancer cells and were irra-
diated at 76 W/cm2 for selective and effective photo-
thermal therapy in vitro. Also, CTAB-capped nanorods
(147 or 176 W/cm2) and antibody-conjugated nano-

rods (51 W/cm2) required a higher laser intensity to be
more susceptible to hyperthermic effects. In the case of
in vivo experiment, moderate amounts of GNRs loaded
inside the chitosan-conjugated nanocarriers were de-
livered to the tumor site and resulted in an impressive
photothermal therapeutic effect, whereas the PEG-
modified GNRs and CTAB-stabilized GNRs were ineffi-
cient for tumor targeting, showing very fast excretion
or dominant accumulation in the liver,48 implying an
inefficient photothermal effect at the tumor site.

CONCLUSIONS

In conclusion, GNR-loaded, chitosan-conjugated,
Pluronic-based nanocarriers were successfully pre-
pared and could serve as imaging agents for cancer
cells and as a very effective hyperthermia agent for
photothermal cancer therapy with NIR light exposure.
Even an apparently complete resorption of tumors in
vivo was achieved with no damage to the surrounding
tissue. These results suggest that the present system
has a sufficient tumor-targeting efficiency and is highly
effective and safe for transducing NIR light into loca-
lized heat; thus, it is a promising candidate for clinical
phototherapeutic applications.

EXPERIMENTAL SECTION
Materials. Hydrogen tetrachloroaurate(III) hydrate (HAuCl4)

was purchased from Kojima Chemicals Co., Ltd. (Kashiwabara,
Japan). Cetyltrimethylammonium bromide (CTAB), sodium

borohydride (NaBH4), L-ascorbic acid, glycidyl methacrylate
(GMA), sodium chloride, potassium phosphate monobasic,
sodium phosphate dibasic, phosphotungstic acid, sodium
azide, acridine orange (AO), and propidium iodide (PI) were

Figure 7. (a) Changes in tumor volumes and (b) the tumor images after onetime NIR laser irradiation (808 nm, 4 W/cm2) for 4
min at 24 h after the i.v. injection of the nanomaterials. (c) Change in tumor volumes (an enlarged graph at initial time) and (d)
the tumor images after NIR laser irradiations at 24 and 48 h after single i.v. injection of the nanomaterials.
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obtained from Sigma-Aldrich Corp. (St. Louis, MO). Pluronic F 68
(PF 68) was a kind donation from BASF Corp. (Seoul, Korea). 4-(2-
Hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone (Irgacure
2959) was obtained from Ciba Specialty Chemicals Inc. (Basel,
Switzerland).Water-soluble chitosan [chitooligosaccharide,mo-
lecular weight of ca. 10 kDa, deacetylation degree = 85.0%] was
purchased from Kittolife Co., Ltd. (Seoul, Korea). For the cell
culture, RPMI 1640 (Roswell Park Memorial Institute) medium,
DMEM (Dulbecco's modified Eagle's medium), fetal bovine
serum (FBS), penicillin-streptomycin, and trypsin ethylenedia-
minetetraacetic acid (EDTA) were obtained from Gibco (Grand
Island, NY). All chemicals were analytical grade and were used
without further purification.

Synthesis of Gold Nanorods. Gold nanorods (GNRs) were
synthesized in an aqueous CTAB solution using a seed-
mediated growth method.39 The gold seeds were prepared by
addingHAuCl4 (0.5mM, 5mL) to CTAB (0.2M, 5mL), followedby
thorough mixing. Then, freshly prepared ice-cold NaBH4 (0.01
M, 600 μL) was added under vigorous stirring, resulting in the
formation of a brownish-yellow solution. This solution was
stored at room temperature within 1-3 h and was used as
the seed solution for the synthesis of gold nanorods. After that,
the growth solution was prepared by adding HAuCl4 (1 mM,
5mL) to the CTAB (0.2M, 5mL) solution under thorough stirring.
Next, 400 μL of 4 mM AgNO3 (silver nitrate) and 70 μL of
0.0788 M ascorbic acid were added to this solution, which
was gently mixed. The color of the mixture (growth solution)
changed from yellow to colorless during this process. Then,
12 μL of the seed solution was introduced into the growth
solution, was stirred vigorously, and was subsequently kept in a
shaking rocker at 100 rpm and 37 �C for about 3 h. The gold
nanorod solution showed a light purple color. To remove excess
CTAB, the GNR solution was thoroughly purified at least five
times by centrifugation at 11 000 rpm for 10 min and was
redispersed in deionized water. Finally, the UV-visible absorp-
tion spectra of the GNRs were characterized by using a
UV spectrophotometer (Agilent 8453, Santa Clara, CA), and
the sizes and the aspect ratios of GNRs were measured by
using a transmission electronmicroscopy (TEM; JEM-2100, JEOL,
Japan).

Preparation of Pluronic-Based Nanocarriers. Both a bare form
(NC(PF 68)) and a chitosan-conjugated form (Chito-NC(PF 68))
of Pluronic-based nanocarriers were prepared by photopoly-
merizing diacrylated Pluronic (DA-Pluronic) and acrylated chit-
osan, as previously reported by us.35,36 In brief, in the case of the
bare form, a dilute aqueous solution (2 mL) of diacrylated
Pluronic (0.5 wt %) was gently mixed with a photoinitiator
(0.05 wt % of Irgacure 2959) and was UV-irradiated for 15 min
at a 1.3 mW/cm2 intensity by using an unfiltered UV lamp (VL-4.
LC, 8 W, Vilber Lourmat, France). In the case of the chitosan-
conjugated form, a water-soluble glycidyl methacrylate (GMA)-
conjugated chitosan (2.8 mg, 0.2 μmol) was dissolved in
deionized water and was added into a DA-Pluronic solution
(1.5 μmol of DA-PF 68) to make 0.5 wt % of DA-Pluronic. This
mixture was photopolymerized at the same condition used for
the bare form to allow incorporation of vinyl groups of GMA-
conjugated chitosan into the cross-linked nanocarrier. To re-
move the unreacted substances, the whole solution was dia-
lyzed by using a dialysis bag (cellulose ester, MWCO of 300 kDa)
first in 0.1 M NaCl and then in deionized water. After that, the
sizes and the surface charges of the nanocarriers were analyzed
by using an electrophoretic light scattering spectrophotometer
(ELS-Z2, Otsuka Electronics Co., Japan) equipped with a laser
diode light source (638 nm) and a photomultiplier tube detector
(165� scattering angle). For the chitosan-conjugated form, the
amount of chitosan incorporation was 16 wt %, which was
determined by using a ninhydrin assay.

Preparation and Characterization of GNR-Loaded Pluronic-Based Nano-
carriers. To load the gold nanorods into the Pluronic-based
nanocarriers, the GNR solution (50 μg/100 μL) was added into
a powdery state of nanocarriers (750 μg) and was incubated at
4 �C for over 12 h, which induced spontaneous loading of the
GNRs into the nanocarriers. The encapsulation efficiency (over
90%) and the amount of GNRs loaded inside the nanocarriers
were determined by separating the unloaded GNRs at a spin

filtration rate at 11 000 rpm for 10min at room temperature and
performing a calculation as reported previously.49

Absorption spectra of only GNRs and of the GNR-loaded
nanocarriers were measured in the visible to near-infrared light
region by using a UV spectrophotometer. The morphologies of
the GNRs and the GNR-loaded nanocarriers were observed by
using a TEM after a negative staining with a 2% (w/v) phospho-
tungstic acid solution. The hydrodynamic diameters and surface
charges (zeta-potential) of the GNRs and the GNR-loaded
nanocarriers in deionizedwater were analyzed at 37 �C by using
an electrophoretic light scattering spectrophotometer (ELS-Z2).
The measurements were carried out in triplicate.

In Vitro Stability of GNR-Loaded Nanocarriers. To analyze the
optical stability of the GNRs loaded in the nanocarriers, GNRs
(as a control group) and the GNR-loaded nanocarrier solution in
deionized water (1 mL) were incubated in a shaking rocker at
100 rpm and 37 �C for 1 week and were analyzed bymonitoring
the UV-vis spectra from 350 to 1000 nm at several time points.

To investigate the stable storage of GNRs inside the nano-
carriers, leakage of GNRs from the nanocarriers was character-
ized. The GNR-loaded nanocarrier solution (100 μL) was placed
in a dialysis bag (cellulose ester, MWCO of 300 kDa). The dialysis
bag was immersed in 5 mL of phosphate-buffered saline (PBS)
containing 10% fetal bovine serum (FBS) in a shaking rocker at
100 rpm and 37 �C. The entire release medium was replaced
with the fresh one at each time point tomaintain an infinite sink
condition. The amount of GNR leakage at each time point was
analyzed by using a UV spectrophotometer, and the concentra-
tion was calculated from a standard calibration curve. As a
control, the release of GNRs from the same setup (dialysis bag)
was also analyzed.

In Vitro Cytotoxicity Test. The cytotoxicities of the GNRs and the
GNR-loaded nanocarriers were analyzed by using a squamous
cell carcinoma (SCC7) tumor cell line and an NIH/3T3 fibroblast
cell line. Both types of cells were seeded in 24-well plates at a
density of 5 � 104 cells per well and were incubated for 24 h at
37 �C. Then, GNRs or GNR-loaded nanocarriers (6.7 wt% loading
of GNRs) with concentrations ranging from 1 to 250 μg/mL
(based on GNR amount) were added into the plate wells. The
cells were further incubated for 2 h at 37 �C. Next, the medium
was replaced with 825 μL of fresh medium containing 10-time-
dilutedWST-1 (Biovision Inc., Mountain View, USA), and the cells
were further incubated for 2 h at 37 �C. The absorbance of the
colored medium was measured at 450 nm by using a scanning
multiwell spectrophotometer (FL600, Bio-Tek, Vermont, USA).
The cytotoxicity of the Pluronic-based nanocarriers themselves
on SCC7 cells was adapted from a previous report,36 and the
cytotoxicity to the NIH/3T3 fibroblast cells was characterized by
using the same protocol.

In Vitro Cellular Uptake. SCC7 or NIH/3T3 fibroblast cells were
harvested by using trypsin EDTA and were seeded onto gelatin-
coated coverslips (12 mm) in a 24-well tissue culture plate at a
density of 5 � 104 cells per well and were allowed to grow for
24 h at 37 �C. The coverslips were sterilized in advance by
immersion in 70%ethanol and overnight UV exposure andwere
coated with 2% gelatin for optimal cell growth. The cells were
incubated with GNRs or GNR-loaded nanocarriers (50 μg/mL in
terms of GNR amount) in the culture medium for 2 h to allow
cellular uptake. After incubation, the cells werewashedwith PBS
solution and fixed with 4% formalin solution in PBS for 30 min;
the fixed cells were washed with PBS and then with deionized
water. The light scattering images were recorded by using a
dark-field microscope with a TV lens C-0.45 camera (ECLIPSE
L150, Nikon, Tokyo, Japan).

In Vitro Photothermal Effect. SCC7 or NIH/3T3 fibroblast cells
were seeded in a 24-well tissue culture plate at a density of 8�
104 cells perwell andwere allowed to grow for 24 h at 37 �Cuntil
being nearly confluent. Then, the medium was replaced with
1 mL of medium containing the GNRs or GNR-loaded nanocar-
riers (50 μg/mL in terms of GNR amount). After incubation for
2 h, the cells were rinsed three times with PBS buffer to remove
the nanomaterials that were nonspecifically adsorbed or re-
mained in themedium. After adding freshmedium, laser light at
780 nmwith ca. 1.3 mm diameter spot-size and different power
densities (41.5 and 26.4 W/cm2) was irradiated on each well for
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4 min by using a CW Ti-sapphire laser (MIRA 900, Coherent Inc.,
Santa Clara, CA). The cell viability was characterized by using a
double staining procedure with acridine orange (AO) and
propidium iodide (PI), where green fluorescence from AO
indicated live cells and red fluorescence from PI indicated dead
cells.50 Briefly, 1 mL of medium containing 0.67 μM AO and
75 μM PI was added to each well and was incubated in the dark
at 37 �C for 30 min. After rinsing with PBS, live and dead cells
were visualized by using an inverted fluorescence microscope
(TE2000-U, Nikon, Melville, NY).

In Vivo Photothermal Therapy. All animals were obtained from
Orient Bio Inc. (Seoul, Korea) and were handled in accordance
with the guidelines of the Animal Care and Use Committee of
Gwangju Institute of Science and Technology (GIST). To induce a
solid tumor, SCC7 cells (1 � 106 in 50 μL PBS) were injected
subcutaneously into both the left and the right rear flank areas
of male athymic nudemice (CAnN.Cg-Foxn) with ages from 6 to
7 weeks. When the tumors grew to approximately 5 mm in
diameter, GNRs or GNR-loaded nanocarriers (100 μg in terms of
GNR amount), which were suspended in 0.85% saline solution
(100 μL), were intravenously injected through the tail vein; a
saline solution was used as a control. First, to investigate the
biodistribution of GNRs or GNR-loaded nanocarriers, the mice
were sacrificed at 24 h after the i.v. injection. The major organs
including tumors were collected and were completely lysed in
HNO3, and then the amounts of GNRs in tissue samples were
measured by inductively coupled plasma atomic emission
spectrometer (ICP-AES, OPTIMA 4300DV, Perkin-Elmer,
California, USA). In addition, to compare the accumulations of
nanomaterials in livers and tumors among tissue samples, the
excised tissues were fixed in 4% formalin solution for 24 h, and
then embedded in optimal cutting temperature (OCT) com-
pound (Tissue-Teks; Sakura Finetek, Kyoto, Japan). For cryostat
sectioning, the blocks were frozen at -20 �C and sectioned
(5 μm). Then, the tissue sections were stained by using a silver
enhancer kit (Sigma-Aldrich Corp., St. Louis, MO) for 10 min
according to the manufacturer's instruction. The stained tissue
sections were examined by using an inverted fluorescence
microscope.

Next, to compare the effect of photothermal ablation of the
solid tumors, the mice (left tumors: no laser irradiation vs right
tumors: laser irradiation) were irradiated with NIR laser light (a
808 nm diode laser, 900 mW, ca. 5 mm beam diameter at 4 W/
cm2, Power Technologies, Alexander, AR) for 4 min at 24 h after
the i.v. injection of the nanomaterials. The mice were also
irradiated with NIR light for 4 min at 24 and 48 h after i.v.
injection for the follow-up experiments. Post-treated tumor
sizes were measured at given time points by using a digital
caliper and were also photographed using a digital camera. All
measurements were performed in triplicate. A statistical anal-
ysis was performed using the Student t test, and for all
comparisons, the minimal level of significance was set at
p < 0.05.
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