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Plasmonic nanomaterials, especially those that can convert
near-infrared (NIR) light into heat, have been developed as
photothermal agents for localized hyperthermia cancer
therapy. After Halas�s research group first applied a coating
of gold nanoshells on solid silica spheres for tumor ablation,[1]

a series of NIR-light-absorbing plasmonic nanomaterials have
been fabricated to kill tumorigenic cells without damaging
normal cells, such as gold nanorods (GNRs),[2] gold nano-
cages,[3] AuxAg1�x dendrites,[4] gold nanoshells on polystyrene
spheres,[5] assembled gold nanoparticles,[6] and many multi-
functional nanocomposites.[7]

Based on the attractive photothermal property of these
plasmonic nanomaterials to optimize cancer therapy and
achieve enhanced antitumor efficacy, the combination of
hyperthermia and chemotherapeutic agents is an encouraging
approach, which can result in synergistic effects that are
greater than the two treatments alone. GNRs were reported
as producing heat to augment the toxicity of chemotherapeu-
tic agents.[8] But by simply mixing GNRs and chemother-
apeutic agents, the synergistic effects of thermo-chemother-
apy are difficult to realize in vivo because co-delivery of
chemotherapeutic agents together with precious GNR-
induced hyperthermia sources to the target tissues is still
challenging. Importantly, even though different multifunc-
tional systems based on NIR-absorbing nanomaterials have
been designed,[7] many parameters of these systems were only
assessed in vitro in cellular systems, while no in vivo study of

the thermo-chemotherapy effect of plasmonic nanomaterials
based on gold nanoshells has been carried out. In vivo
experiments on an applicable medicine system should be
tested with emphasis on the antitumor effect and toxicity
evaluation as they move closer to the clinical setting.

In the work reported herein, we first explored the ablation
of hepatocellular carcinomas both in vivo and in vitro by the
combination of photothermal therapy and chemotherapy
using a multifunctional gold nanoshell. Unlike the gold
nanoshell employed in the study of Halas and co-workers,
the gold nanoshell we use consists of a thin gold nanoshell and
a monodispersed mesoporous silica nanorattle (SN) core.
SNs, synthesized by our new reported method,[9] endow gold
nanoshells with many advantages through their unique
structure with movable cores and mesoporous shells. They
were considered as an intelligent drug-delivery system
because of their high thermal, chemical, and mechanical
stability, large specific surface volume, controllable mesopo-
rous pores, and good biocompatibility. Their positively
charged surface simplifies the gold nanoshell coating process
by not requiring a modification step with silane coupling
agents (e.g., 3-aminopropyltriethoxysilane) as in other
reports.[10] Based on these advantages, gold nanoshells on
silica nanorattles (GSNs) have compact gold shells, controlled
uniform size, tunable optical property as NIR-light-absorbing
agents, and high-payload sustained drug release as a drug-
delivery system. In vitro and in vivo studies prove that the
synergistic effects of GSNs for the efficacious treatment of
hepatocellular carcinomas are better than the chemotherapy
or photothermal therapy alone. Systematic toxicity study
indicates the good biocompatibility of this kind of multifunc-
tional gold nanoshell. Additionally, organic dye molecules can
be conjugated on the gold nanoshell for imaging, thus
rendering the obtained GSNs an all-in-one processing
system for photothermal therapy, drug delivery, and cell
imaging with low systemic toxicity.

Figure 1a shows the structure of SNs synthesized by our
previous method.[9] A drug-loaded structure comprising a
PEGylated (PEG = polyethylene glycol) gold nanoshell on
silica nanorattle spheres (termed pGSNs) is shown in Fig-
ure 1b. The products obtained after each synthetic step are
shown in Figure 1c–f. SNs have a narrow size distribution with
a hydrodynamic diameter of 120 nm (see Figure 1c, and
Figure S1 and Table S1 in the Supporting Information) and a
positively charged surface at about 36.5 eV (Figure S2 in the
Supporting Information). X-ray photoelectron spectroscopy
(XPS) proves the existence of free amino groups on the SNs�
surface (Figure 1g). By simply stirring for 2 hours, gold seed
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nanoparticles of size 1–3 nm can be easily attached to SNs
(Figure 1d). Gold shells were grown on these SNs with
attached gold seeds by further reduction of chloroauric acid,
which resulted in GSNs (Figure 1e).

Figure 1 f represents the pGSNs modified by methoxy-
PEG-thiol (mPEG-SH, 5 kD) to prevent aggregation and
decrease immunogenicity for in vivo application. This PEGy-
lation resulted in a moderate increase in the average hydro-
dynamic diameter of GSNs from 148 to 159 nm, a size
compatible with long blood residency and permeation into
tumors through their leaky vasculature (Figure S1 and
Table S1 in the Supporting Information). The surface plas-
mon resonance (SPR) band of GSNs can be tuned from the
visible region of gold nanospheres to the NIR region, an
optical transparency window, whereas biological tissue and
water absorb minimally. The extinction spectra of pGSNs and
GSNs are shown in Figure 1h. The GSNs have a SPR peak at
815 nm, which redshifts to 824 nm after PEGylation. This
redshift is due to the higher refractive index of the PEG layer
relative to H2O.

Plasmons offer a powerful means of confining light to
metal/dielectric interfaces, which in turn can generate intense
local electromagnetic fields and convert the laser light into
ambient heat.[11] As reported, gold nanoshells possess absorp-

tion cross sections that are six orders of magnitude larger than
those of some organic dyes, which makes them a much
stronger NIR absorber and therefore an effective photo-
thermal coupling agent.[12] Figure 2 shows the infrared

thermal images of an excised pGSNs-injected tumor sample
of hepatoma 22 (H22) under 2 W cm�2 NIR laser irradiation.
Before irradiation, the excised tumor was injected with
pGSNs in phosphate-buffered saline (PBS) solution
(200 mL, 1 mgmL�1). During this irradiation, the temperature
of the H22 tumor obviously increased from approximately 24
to 50 8C in the focal region as a result of the electron–phonon
and phonon–phonon process of the NIR-absorbing pGSNs.[13]

A comparative study of an H22 tumor sample without
injection of pGSNs is shown in Figure S4 in the Supporting
Information. In 10 minutes, no obvious temperature variation
was observed. This proves that pGSNs are promising as an
ideal photothermal converter in cancer therapy.

Another advantage of GSNs is their sustained drug-
release property. SNs are advantageous for drug delivery
because of their mesoporous and hollow structure. Since the
GSNs were synthesized by a seed growth method and did not
have ideal complete shells, the drug molecule could be
released from the SNs through the openness of the shells.
Figure S5 in the Supporting Information shows the cumula-
tive docetaxel (DOC) release profiles from pGSNs in PBS
buffer (pH 7.4). DOC is known to be an effective anticancer
drug, but it has been difficult to give patients an adequate
dose without negative side effects. The amount of DOC
loaded in pGSNs is 52% (ca. 1.08 mgmg�1 pGSNs), while for
SNs without a gold shell this value is 32% (ca. 0.48 mg mg�1

SNs). The cumulative DOC release profile (Figure S5 in the
Supporting Information) shows an initial rapid release rate in
1–20 hours, and further sustained release with a lower release
rate from 20 hours to 7 days. Over 60% of the drug is released
within 1 week. No obvious DOC cumulative release triggered
by external NIR laser light was observed like in other
reports.[14,15] This is attributable mainly to the good thermal
and mechanical stability of pGSNs.

Figure 1. a) Structure of the SN. b) The drug-loaded pGSN. c–f) TEM
images of c) SNs, d) gold seeds attached to SNs, e) GSNs, and
f) PEGylated GSNs. g) XPS spectrum of SNs. h) Extinction spectra of
GSNs and pGSNs.

Figure 2. Infrared thermal images of an excised pGSNs-injected H22
solid tumor sample at different time points under NIR laser irradi-
ation. The colored bar represents the relative temperature values in 8C.
The dashed circle indicates the H22 solid tumor.
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Internalization of nanoparticles into cells with high
efficiency is important in drug delivery. For intracellular
trafficking, luminescent-dye-loaded pGSNs were synthesized
by incorporating the red fluorescent dye rhodamine B (RhB).
After 2 hours of incubation, human liver carcinoma (HepG2)
cells treated with pGSNs–RhB showed a strong red fluores-
cence signal throughout the entire cell cytoplasm. Some spots
with higher fluorescence intensities resulting from aggrega-
tion of pGSNs demonstrated that the nanoparticles were
localized in the cytoplasm after internalization (Figure S6a–c
in the Supporting Information). This finding suggests that
pGSNs can act as a transmembrane delivery carrier to
increase cell internalization, decrease the drug efflux, and
then increase the drug intracellular accumulation.[16]

DOC has been reported to have a hyperthermia-enhanced
cytotoxicity.[17] To evaluate and compare the in vitro cytotox-
icity of the free DOC, pGSNs, and pGSNs loaded with DOC
(termed pGSNs-DOC) under irradiation by NIR light, the
viability of cells was determined by using the 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. HepG2 cells were incubated for 24 hours with a series
of equivalent concentrations of free DOC dissolved in
dimethyl sulfoxide and pGSNs-DOC. The pGSNs group had
an equivalent Au dosage to the pGSNs-DOC group, and both
groups were irradiated by NIR light (2 Wcm�2, 3 min). As
seen from Figure 3a, with an increase of concentration all

three therapies show an increasing cytotoxicity against
HepG2 cells in a dose-dependent manner. At a DOC
concentration of 1 nm, the inhibition rate of free DOC was
37.8%, which indicates higher cytotoxicity than pGSNs–NIR
(15.5 %) and pGSNs-DOC–NIR (30.1%). The lower cell-
killing potency with pGSNs-DOC–NIR could be attributed to
the delayed DOC release from pGSNs in cells, and the
relatively low concentration of pGSNs not producing enough
heat to kill cells. At an equivalent DOC concentration of
10 nm, pGSNs-DOC–NIR shows a significantly enhanced
cell-killing effect towards HepG2 cells with about 82.1%
inhibition rate; in comparison, HepG2 cells treated with free
DOC were 51.8 % killed and HepG2 cells treated with pGSNs
under NIR laser irradiation were only 40.5% killed. This
inhibition rate is also higher than that of 100 nm free DOC.

Chemotherapeutics generally show a delicate balance
between maintaining a high enough dose to kill cancer cells
while avoiding a dose so high that it causes severe toxic
effects.[18] So the synergistic effect of pGSNs-DOC–NIR is
very attractive. The mechanism is speculated to be caused by
the altered kinetics, permeability, and uptake of the chemo-
therapeutic agents during the heating process.[8] Given that no
cytotoxicity is shown in the range from 0.1 to 1000 mg mL�1

(Figure 3b), GSNs are promising in the expansion of the
dosing range of chemotherapeutic drugs and in rendering
patients safe cancer treatment. Additionally, by staining with
the DNA-binding fluorophore Hoechst 33342 and propidium
iodide under identical incubation conditions, we can observe
the typical apoptotic condensation and fragmentation of
chromatin for HepG2 cells treated with DOC and pGSNs-
DOC–NIR, and there are also necrotic cells in these two
groups. Fewer apoptotic and necrotic cells were observed in
the group treated with pGSNs combined with NIR light than
in the pGSNs-DOC–NIR group. There was no obvious cell
damage without pGSNs nanoparticles under 2 W cm�2 laser
irradiation compared with a control group (Figure S7 in the
Supporting Information). This result proves that pGSNs-
DOC under NIR light irradiation can cause cell death by both
apoptosis and necrosis.

Because the complicated in vivo environment could not
be totally mimicked, it is important to evaluate the efficacy of
in vivo therapy before clinical trials in humans. In this study,
15 female tumor burden ICR mice of H22 subcutaneous
model were randomly distributed into three groups (n = 5):
1) treatment group, 2) Taxotere group, and 3) control group.
The mice received intravenous (i.v.) treatment through the
tail vein every 4 days a total of four times (days 1, 5, 9, and
13). At each time point for each treatment, a dosage of
20 mg kg�1 DOC (200 mL for each mouse) was injected into
the treatment and Taxotere groups. We hypothesize that a
prolonged circulation time, in the size range of the effective
enhanced permeability and retention (EPR) effect, would
primarily affect the in vivo behavior of pGSNs for passive
targeting in tumor sites while decreasing accumulation in
other tissues.[19] Six hours after pGSNs-DOC injection, which
allowed the systemically delivered pGSNs to accumulate in
tumors, the tumors of the treatment group were irradiated for
3 minutes with NIR light under a laser power density of
2 Wcm�2. The control group received physiological saline
(200 mL) without any irradiation. No mice died during the
course of therapy. At day 17, mice were sacrificed and tumors
were excised and weighed.

The tumor weights of the group treated by pGSNs-DOC
were significantly lower than those of the control group with
an average inhibition rate of 85.4%, which was also higher
than the inhibition rate of the Taxotere group (57.4 %;
Figure 4). The mean tumor volumes and mean body weights
in each group during the treatment are shown in Figures S8
and S9 in the Supporting Information. For the biodistribution
study, mice bearing H22 tumors were intravenously injected
with pGSNs at a dosage of 18.5 mgkg�1 and sacrificed at 1, 6,
24, or 48 hours. TEM observation (Figure S10 in the Support-
ing Information) and inductively coupled plasma optical
emission spectroscopy (ICP-OES; Figure S11 in the Support-

Figure 3. a) Inhibition rate of pGSNs, DOC, and pGSNs-DOC for 24 h
as a function of DOC concentration. HepG2 cells were either not
exposed to NIR light or irradiated with NIR light (2 Wcm�2 for 3 min).
b) Viability of HepG2 cells with different concentrations of GSNs and
pGSNs. Data represent the mean � standard deviation of triplicate
experiments.
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ing Information) both suggest the preferential accumulation
of pGSNs in subcutaneous tumors in mice. As previously
reported, local hyperthermia demonstrated a synergistic cell-
killing therapy for the treatment of many solid tumors when
used in combination with chemotherapy.[20] Furthermore,
certain types of nanoparticles showed an interesting capacity
to reverse multidrug resistance, which is a major problem in
chemotherapy. Besides this, because of the EPR effect,
nanoparticles can act as drug-delivery vectors which results
in more drug loaded at the tumor site, thus improving cancer
therapy and reducing the harmful nonspecific side effects of
chemotherapeutics.[21] So the combination of thermal energy
and chemotherapy offers many advantages over chemother-
apy alone.

To access the effect of pGSNs as a drug carrier for
reducing the toxicity of Taxotere, the systematic toxicity of
Taxotere and pGSNs-DOC was evaluated in normal mice
without tumors. Eighteen female ICR mice were randomly
divided into three groups: a pGSNs-DOC group (20 mg kg�1

of DOC), Taxotere group (20 mg kg�1), and control group
(200 mL physiological saline). Intravenous administration was
performed a total of three times in 9 days (days 1, 5, and 9).
We assessed the systematic toxicity mainly from the loss of
body weight, morphological and pathological examinations,
hematology analysis, and blood biochemical assay. The mice
in the Taxotere group lost an average of about 14% in weight,
thus indicating toxicity compared with mice in the control and
pGSNs-DOC groups, which showed an increase in body
weight of 18 and 8 %, respectively. The viscera indexes of the
pGSNs-DOC and Taxotere groups showed no obvious change
except that the viscera index of liver decreased for the
Taxotere group, thus demonstrating liver damage (Figure S12
in the Supporting Information). This finding is consistent with
the histological section of tissue samples stained with

hematoxylin and eosin (H&E). No histopathological abnorm-
ities or lesions occurred in other organs of the pGSNs-DOC
and Taxotere groups except for serious microgranuloma in
the livers of the Taxotere group (Figure S13 in the Supporting
Information).

For hematology analysis and blood biochemical assay, the
absolute white blood cell count (WBC), granulocyte (GR),
and monocyte (MO) decrease in the Taxotere group repre-
sent severe hematological toxicity (Table S3 in the Supporting
Information). Compared with Taxotere, pGSN-DOC has
reduced toxicity. Other hematological markers including
mean corpuscular volume (MCV), mean corpuscular hemo-
globin (MCH), mean corpuscular hemoglobin concentration
(MCHC), and mean platelet volume (MPV) showed no
obvious differences among the three groups. The increase of
alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) indicates severe liver toxicity in the Taxotere
group. Both Taxotere and pGSN-DOC have no obvious
adverse influence on the plasma creatinine (CRE) and urea
nitrogen (BUN) that represent kidney function. No statisti-
cally significant difference among the three groups was
observed in other blood biochemical parameters. These data
not only prove pGSNs as a drug vehicle can reduce the
toxicity of the free drug, but also support the hypothesis that
the EPR effect would help the enhanced accumulation of
pGSNs in tumors rather than other tissues.

In summary, we have synthesized innovative multifunc-
tional GSNs, which can combine remote-controlled photo-
thermal therapy with chemotherapy like a “magic bullet”.
They also reduce drug side effects by sustained drug release
and provide a new multimodality cancer treatment with
higher efficacy and less toxicity than the free drug. Last but
not least, we still need to optimize the photothermal therapy
and chemotherapy process, and quantify the tissue injury.
Moreover, the mechanism of combination of the two thera-
pies is still not completely understood. Whether increasing
the temperature also induces immunological changes (for
instance, the release of heat shock proteins and subsequently
maybe an improved immune recognition) is totally unknown
and worth investigating.[22] Although there are many unsolved
problems, we still expect that the combination of the unique
structural characteristics and integrated functions of multi-
component gold nanoshells will attract increasing research
interest and could lead to new opportunities in nanomedicine.
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