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Abstract: Well-designed photothermal nanostructures have attracted many scientists pursuing a better means to accurately diagnose
cancer and assess the efficacy of treatment. Recently, gold-based nanostructures (nanoshells, nanorods and nanocages) have enabled
photothermal ablation of cancer cells with near-infrared (NIR) light without damaging normal human tissues and in particular,
animal studies and early clinical testing showed the great promise for these materials. In this review article, we first discuss the
mechanism of the cellular death signaling by thermal stress and introduce the intrinsic properties of gold nanostructures as photothermal
agent for cancer treatment. Then the overview follows for evolving researches for the synthesis of various types of gold nanostructures
and for their biomedical applications. Finally we introduce the optimized therapeutic strategies involving nanoparticle surface modifica-
tion and laser operation method for an enhanced accumulation of gold nanostructures to the target cancer as well as for an effective

cancer cell ablation.
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INTRODUCTION

To date, surgical resection has been employed as the wide-
spread therapeutic method for the most cancers. There are, how-
ever, several drawbacks such as a required large incision accompa-
nied by pains and a second operation for bilateral diseases [1].
Therefore, alternative cancer therapies (chemotherapy [2] and ra-
diation therapy [3] either alone or in combinations [4]) have been
developed for reduced pain, speedy recovery, and reduced post-
surgical complications. However, these methods are not completely
free of side effects [5, 6] such as hair loss, mouth sores, nausea or
vomiting, skin redness and cosmetic defects because high doses of
anticancer drugs and high energy X-ray can destroy or slow down
the growth of normal cells. Thus, noninvasive photothermal abla-
tion of tumor using the near-infrared (NIR) light has recently at-
tracted attentions to selectively kill cancer cells and to prevent un-
desirable damages for healthy tissues [7]. On the other hand, pho-
tothermal therapy meets the requirements such as low energy at the
long wavelength that allows a deep tissue penetration and accurate
targeting of cancerous cells without abnormal effect to the sur-
rounding tissue. To satisfy therapeutic needs, gold nanostructures as
photothermal agents have recently emerged for promising applica-
tions [8-10]. When a NIR light is illuminated at the resonance
wavelength of gold nanostructures, the absorbed energy is con-
verted into heat, which raises the hyperthermic stress to the target
cells and subsequently kills the cancer cells by the death signaling
[11]. In particular, gold nanostructures have been noticed as pho-
tothermal agent in early clinical trials because the absorption band
of gold nanostructures can be tuned from visible to NIR region by
the controlling of size and shape. Furthermore, surface functional
groups of gold nanostructures can be further modified to enhance
the efficiency of a photothermal therapy.

In this review, we will cover overall strategies for photothermal
cancer therapy using gold nanostructures. The mechanism for
the cellular death signaling induced by a thermal stress will be

*Address correspondence to these authors at the Department of chemistry,
Korea University Seoul 136-701, Republic of Korea; Tel: 82-2-3290-3139;
Fax: 82-2-3290-3121; E-mail: kyleel@korea.ackr and Department of
Chemical and Biomolecular Engineering, Yonsei University Seoul 120-749,
Republic of Korea; Tel: 82-2-2123-2751; Fax: 82-2-312-6401;

E-mail: haam@yonsei.ac.kr

1871-5206/11 $58.00+.00

described first. Subsequently, the overview will be depicted about
intrinsic properties of gold nanostructures for the photothermal
ablation and imaging of cancer cells. In particular, the heat genera-
tion mechanism of gold nanostructures by the irradiated light and
various gold nanostructures as effective photothermal agents will be
described. Finally, methods to induce and provide photothermal
energy to the cancer cells will be presented.

1. Hyperthermic Stress for Cancer Cell Death

In recent years, photothermal cancer therapy based on gold
nanostructures has received a great attention because of a much
mitigated invasiveness of the treatment in comparison with other
typical therapeutic methods such as a surgical resection. To accom-
plish highly effective photothermal ablation of cancer cells, the
understanding of the mechanism for the cellular death induced by
hyperthermic stress from gold nanostructures is very important;
cellular life has been derived from regulated processes which are
controlled by various signal transduction pathways. For the cells
under various stress conditions such as high temperature, oxidative
environments and chemical compounds (i.e. heavy metals and anti-
cancer drugs), the death signals were turned on and transmitted to
cause cell death in most cases [12-14]. In particular, the intracellu-
lar protein-damages induced by a hyperthermic stress can inhibit
the entire cellular metabolism related to the cellular survival and
proliferation [15].

Signaling pathways for the cellular death are closely linked
with various heat shock proteins (Hsp) as chaperones because Hsp
groups (such as Hsp70family, Hsp90 family and Hsp27) play cru-
cial roles for the protection of a severe hyperthermic stress-induced
apoptosis induced by the intracellular protein misfolding [16]. In
Table 1, the detailed functions of Hsp groups are grouped into sub-
families with molecular weights of approximately 10~30, 40, 60,
70, 90 and 100 kDa. Some of these such as Hsp70 and Hsp90 fami-
lies regulate the productive folding of proteins and help to protect
against protein misfolding and undesirable aggregations under a
hyperthermic stress condition [17]. Moreover, Hsp90 family can
capture and hold client proteins in intermediate conformations with
refolding of denatured substrates and transfer to the Hsp70/Hsp40
chaperone machine [18]. Hsp27 inhibits protein aggregation and
stabilizes denatured protein [19]. From a signaling pathway view-
point in Fig. (1), when Hsp70 family is impaired by a hyperthermic
stress, heat shock causes Bax translocation from the cytosol to mi-
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Table 1. Major Hsp Families Related with Cellular Survival [22, 23]

Choi et al.

Approximate Molecular

Hsp Family Weight (kDa) Members Function Intracellular Location
Small Hsps 10~30 Hsp10,GroES,Hsp16, Prevent the aggregation of other proteins, by Cytosol
a-crystalin, Hsp20, Hsp25, Hsp27 collecting protein“garbage”, act as “dustmen”
of cells

Hsp40 40 Hsp40, Dnal, SIS1 Co-factor of Hsp70 Cytosol

Hsp60 60 Hsp60, Hsp65, GroEL Assistance in protein folding and re-folding Cytosol and mitochondria

Hsp70 70 The HspA group of Hsp including Assistance in protein folding and re-folding Cytosol , mitochondria and

Hsp71, Hsp70, Hsp72, Grp78 (BiP), endoplasmic reticulum
Hsx70 found only in primates and DnaK
Hsp90 90 The HspC group of Hsp including Stabilize substrate proteins and maintain their Cytosol and endoplasmic
Hsp90, Grp94, HtpG, C62.5 active, or inactivestate, prevent the aggrega- reticulum

tion of other proteins, by collecting

protein “garbage”, act as “dustmen” of cells

Hsp100 100 Hsp104, Hsp110, ClpB, ClpA, ClpX

Deseggregation of proteins Cytosol and mitochondria

Hyperthermic stress
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Fig. (1). Schematic illustration for the key role of Hsp groups in suppressing of hyperthermic stress-induced apoptosis [15]. Copyright 2004 Nature Publishing

Group.

tochondria; this migration results in the formation of pore that per-
mits release of cytochrome ¢ and apoptosis inducing factor (AIF)
[20]. The relationship between Hsp27 and cytochrome ¢ has also
been questioned. Although only a very small fraction of the total
cytochrome ¢ released from mitochondria is bound to Hsp27, it is
unlikely that Hsp27 acts upstream of the apoptosome [21]. How-
ever, if Hsp27 is not working, cytochrome c is released from mito-

chondria with dATP and binds to apoptotic protease-activating
factor (Apafl) freed from Hsp90 and Hsap70, which leads to Apafl
oligomerization and requires the procaspase 9. In turn, apoptosome
is formed and apoptosis downstream is executed by activated
caspase 9 and caspase 3.The released AIF from mitochondria
moves into the nucleus and induces cell death [4].
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As mentioned above, the response of cells to a hyperthermic
stress relies on its severity, which is influenced by the thermal in-
tensity and duration at high temperature. A transient exposure to
elevated temperatures is tolerable because cells are able to turn on
the repair mechanism rapidly and respond to the level of protein
damage appropriately. However, above a certain threshold, the cell
will succumb to a death signaling. Ultimately, the decision to live
or die depends on the relative strength of cellular survival and death
signals. Therefore, well-designed gold nanostructures (such as
nanoshells, nanocages, and nanorods) for the induction of the hy-
perthermic stress have attracted many scientific endeavors pursuing
better cancer treatments without damages for normal tissues [15].

2. Photothermal Effect of Gold Nanostructures

Physical-chemical properties of gold nanostructures for photo-
induced heat generation by specific light illumination have bright-
ened the prospect of the photo thermal therapy [24-26]. The heat
generation process from gold nanostructures involves absorption of
photons as well as heat transfer from the nanostructures to the sur-
rounding matrix. In terms of the absorption of photons, gold nanos-
tructures have a strong heating effect because gold is a substance
with many free electrons. The free electrons move around from one
atom to another but they cannot leave the surface of gold nanostruc-
tures. Thus, in the Drude-Lorenz model, gold is regarded as a plas-
mon [27] because it is composed of equal number of protons which
have positive electric charge (fixed in position) and electrons
(highly mobile). Under the irradiation of an electromagnetic wave,
the free electrons are in rapid oscillations at a plasma frequency and
the quantization of plasma oscillation is the plasmon [28]. When
gold nanostructures of a finite dimension are exposed to an elec-
tromagnetic wave, just the electrons on the surface are the most
significant because an electromagnetic wave impinging on the sur-
face of gold nanostructures only has a certain penetration depth.
The electric field inside the gold nanostructures shifts the free elec-
trons collectively and then the electrons with negative charge are
built up on the surface at one side of gold nanostructure resulting in
coherent oscillation in response to the electric field of incident light
(Fig. 2) [24, 29, 30]. The free electrons can be collectively dis-
placed from the lattice of positive ions and then, the plasmon is
localized to each particle [28]. Their collective oscillations are
properly termed as the surface plasmon, and the frequency of irra-
diated electromagnetic wave corresponds to the surface plasmon
wave which leads to a constructive interference and a strong oscil-
lation [27, 29].

This phenomenon leads to the maximum absorbance at the
plasmon resonance frequency. Since gold nanostructures are not
good light emitters, the total maximum absorbance rate at the plas-
mon resonance frequency can be converted into the total amount of
heat which causes a heat transfer from the gold nanostructures to
the environment [31]. Moreover, these photo-induced electrons
liberated from gold nanostructures cause the spin and vibrational
kinetic energy [32]. During this process, photo-induced electrons
are thermalized via electron-electron oscillation at the surface of
gold nanostructures [33]. Kinetic energy is a general term describ-
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ing the energy associated with the motion and thermal energy refers
to the kinetic energy of photo-induced electrons. In other words,
temperature is a measure of the average kinetic energy of the photo-
induced electrons [34]. It is thought that the electron loses its initial
linear kinetic energy through collisions with other electrons in the
material and then, transfers the energy to the lattice via electron-
phonon interaction. The last step is the energy transfer to the sur-
rounding matrix [35, 36].

Photothermal cancer therapy using gold nanostructures relies on
a surface plasmon resonance red-shifted (650~900 nm) because it is
important to reduce absorption by the biological medium [7]. The
location and intensity of surface plasmon resonance bands are eas-
ily tailored by changing the shape, size and morphology [37-39].
Therefore, controlling the morphology of gold nanostructures is a
powerful tool to change the location of maximal absorption wave-
length for the photo-induced heat generation. In the next section,
we will introduce several forms of gold nanoparticles (gold
nanoshells, gold nanorods, hollow gold nanoshells and gold nano-
clusters) that achieve a strong absorption at the NIR region.

3. Gold Nanostructures for Hyperthermia

Hyperthermia based on gold nanostructures has been greatly
publicized as an effective cancer treatment method without side
effects [13]. In particular, the use of NIR light is most suitable for
photothermal cancer therapy because NIR light can penetrate into
the deep tissue due to low absorption from blood and water, and
scattering from tissue [40]. In this section, we will discuss various
gold nanostructures with a maximal absorption peak at NIR region
for photothermal therapy. Optical properties of gold nanostructures
can be easily tuned by control of the particle size, shape, composi-
tion and structure (Table 3).

3.1. Gold Nanoshells

Hirsh et al. first demonstrated that gold nanoshells as pho-
tothermal agents can be formulated with a dielectric core and a gold
shell (Table 3 and Fig. 3a) [47]. Herein, the core is a dielectric ma-
terial (silica or polymer for example) and the shell is a thin gold
layer [48, 49]. Gold nanoshells exhibit similar properties to those of
gold nanoparticles and the plasmon resonance of gold nanoshells
can be also shifted to the NIR region [50], which is dependent on
the relative thickness of gold shell to the core size [51]. The red
shift phenomena to NIR region for the effective photothermal can-
cer therapy can be explained by the plasmon hybridization between
inner sphere and outer cavity of gold shell layer [52]. Stern et al.
studied in vitro photothermal therapy using the gold nanoshells
against two types of human prostate cancer cell lines. When ex-
posed by NIR light, gold nanoshells can sufficiently raise the sur-
rounding temperature to ablate the cancer cell [53-55]. Loo et al.
demonstrated the anti-HER2-conjugated gold nanoshells ablate the
breast carcinoma cells [39, 56, 57] and silica cored-gold nanoshells
as targeted-therapy probe have been applied in vitro for glioblas-
toma [58] and liver cancers [59]. Furthermore, in vivo studies have
demonstrated the efficacy of gold nanoshells for the non-invasive
photothermal therapy [60]. O’Neal et al. have successfully treated
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Fig. (2). Schematic illustration of the collective oscillation of free electrons for spherical gold nanostructures.
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Table 3. Various Gold-Based Nanoparticles for Photo Thermal Therapy
Scheme Morphology km Additional Target Disease Ref.
(nm) Function Agent
Shell Silica-gold nanoshells 840 OCT Breast cancer
» - Imaging Prostate
£ & S0, Cancer [41]
Gold Glioblastoma
Liver cancer
PLGA-gold nanoshells
,kun ©® rca
. Dox Targeting
Gold 775 moiety Epithelial [42]
§ %Y Y Antibody Encapsulated Carcinoma
f £ —_ DOX
Rod
C )= N
L S\/\r"m\
N ° \ 780 NIR absor- Targeting Inflammation [43]
™ L3 .
R’:\ bance imaging moeity
Gold nanorod bt
¥\ Dextran '
\
Hollow
Targeting
+HAuCl, —> :
-l 628 moeity Murine [44]
CoorAg Encapsulated Melanomas
nanoparticles DOX
i
Gold Targeting
B
DOX e i
. 7 840 moetty Glioblastoma [45]
B NIPAAmM | Encapsulated
\( Antibody ’ D Dox
Cluster
-e ; 650 Breast cancer [46]
O Gold particle 500 nm

xenografted mice using gold nanoshells. They showed the gold
nanoshell-assisted photothermal ablation would seize the growth of
cancer grown in mice and treat allografted tumors in dogs [96].
Especially, gold nanoshells have been studied not only as pho-
tothermal therapy agents but also as imaging agents in two photon
microscopy and optical coherence tomography [61]. On the other
hand, Yang ef al. introduced the therapeutic system consisting of
poly (lactic-co-glycolic acid) (PLGA) core containing doxorubicin
(DOX) as a chemotherapeutic agent and a gold over-layer on a
polymer matrix capable of a photothermal effect (Fig. 3b) [42].

Gold nanoshells provide advantages for targeted photothermal
therapy because light excitation guides local heating. However,

these particles, typically synthesized between 80 and 150 nm in
diameter, may be restricted for medical application since this size
has problems associated with a quick clearance by the reticulum
endothelial system (RES) and a limited diffusion within tissue.
Therefore, recent studies tried to overcome these challenges in the
size of gold nanoshells.
3.2. Gold Nanorods

El-Sayed et al. demonstrated the feasibility of gold nanorod-
mediated NIR photothermal therapy for the first time in 2005 (Fig. 3a)
[62]. Gold nanorods have attracted a particular interest among gold
nanostructures because the absorption peak is easily tunable to the
NIR region by varying their aspect ratio (length/width) [63, 64].
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Fig. (3). a) Localized photothermal destruction of carcinoma cells using the NIR laser with and without silica gold nanoshells [53] b) Multifunctional
drug-loaded PLGA gold nanoshells for multidimensional therapeutic potentials by an NIR laser and DOX as a chemotherapeutic agent [42]. Copyright 2003
American Chemical Society and Copyright 2009WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Moreover, gold nanorods show additional advantages of small size,
high NIR absorption cross section per unit volume, and narrow
spectral line widths for photothermal cancer therapy. Owing to
their anisotropic shape, the transverse and longitudinal dipole
polarizability no longer produces equivalent resonance. Therefore,
they have two plasma resonances [65]; the transverse surface
plasmon band is located at around 520nm, while the longitudinal
surface plasmon band is observed at the near-infrared region.
Consequently, gold nanorods are expected to be novel functional
materials for analytical, photo functional and biomedical applica-
tion. In addition, the controllability of the aspect ratio of gold nano-
rods was found from the study of Murpy et al. by varying the
amount of silver ions in the seed-mediated growth method [66, 67].

Choi et al. synthesized gold nanorods for a targeted delivery
and demonstrated the photothermal ablation of target cells under
NIR light irradiation. An NIR coherent diode laser (808 nm) was

a)

HaCat nonmalignant cells

160m\V

120 mW

HSC malignant cells

used to irradiate each well for 5 min using a different laser power
density (1.0 and 2.5 W/cm?). Calcein AM staining was conducted to
classify the live/dead cells, and a strong dark spot was revealed by
the combination of targeted gold nanorods and NIR laser at both
powers of 1 and 2.5 W/cm® The photothermal experiment using
NIR light exhibited a significant cell-killing efficacy, even with a
lower concentration of Au and a low-power light source (Fig. 4b)
[43].

On the other hand, Dickerson et al. presented in vivo oncologi-
cal treatment using gold nanorods in which photon energy is selec-
tively administered and converted into heat sufficient to induce
cellular hyperthermia [68]. For in vivo application, moreover, the
temperature increase is the most important parameter. Chou et al.
investigated photothermal conversion efficiency by tuning the
wavelength to match that of aspect ratio and calculated the ideal
temperature rise assuming a 100% photon-to-thermal energy con-

b)

Near Infrared Laser

Photothermal
ablation

Fig. (4). a) Localized photothermal destruction of cancer cells using the NIR laser with gold nanorods under various laser powers [62]. b) Thiolated dextran-
coated gold nanorods (DEX-GNRs) synthesis for significant photothermal ablation efficacy at low dose and low laser power and this result supports its use in
potential capabilities for the treatment [43]. Copyright 2005 American Chemical Society and Copyright 2010 American Chemical Society.
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version, and the heat release process from this volume is much
slower than the temperature buildup during the irradiation time
[69]. Recent studies showed a comparison of photothermal effi-
ciency between gold nanoshells and nanorods for clinical therapeu-
tic applications [70, 71]. Photothermal conversion efficiency of
gold nanorods is superior to that of gold nanoshells. But on the
other viewpoint of how much light energy per particle can be con-
verted to heat, gold nanoshells have a significantly larger pho-
tothermal transduction cross-section [70]. These distinct character-
istic of gold nanorods have provided exciting concepts in the
nanomedicine for cancer therapy applications. There are some ex-
amples that gold nanorods had also demonstrated in vivo therapeu-
tic efficacy against breast cancer, oral squamous carcinoma and
colon cancer xenografts by intravenous injection [67, 72].

Similar to other gold nanoparticles, gold nanorods have been
studied specifically for their potential as imaging contrast agent
with NIR absorbance. Choi et al. describe the development of in-
tegrin-targeting gold nanorods (cRGD-conjugated gold nanorods),
and evaluate their functional use in NIR optical imaging for
glioblastoma in vitro and in vivo [73]. cRGD-conjugated gold nano-
rods exhibit an excellent tumor-targeting ability with no cytotoxic-
ity. Also, prolonged stability in the blood circulation also contrib-
uted to highly efficient cell uptake, internalization and biodistribu-
tion (Fig. 5). Therefore, these advantageous features of gold nano-
rods allowed us to obtain outstanding selective NIR tumor imaging
results, demonstrating the utility of this nanoprobe design for future
clinical applications.

3.3. Hollow Gold Nanoshells

Younan Xia et al. demonstrated hollow gold nanoshells for the
photothermal therapy. As the name implies, these particles are de-
signed to have a hollow core with 30 nm diameter and a thin gold
shell with a thickness of 8 nm [74]. By using galvanic replacement
reaction of cobalt [44] and silver [75] with gold, hollow gold
nanoshells were produced with tunable sizes and optical properties.

Near-Infared absortpion imaging

[ — — ———————— — e e
A -
8 i "y s

Choi et al.

This synthesis utilizes the redox potential between metallic cobalt
and silver and gold salt in solution. Cobalt and silver nanoparticles
were fabricated and then oxidized by chloroauric acid. At this stage,
the core can also be continually oxidized by H' and thin shell of
gold from HAuCl, aqueous solution is created on the surface be-
cause the standard reduction potential of the H'/H, redox couple is
higher than that of Co*"/Co and Ag'/Ag redox couple [44, 76]. In
the study conducted by Li et al., hollow gold nanospheres were
attached with a melanocyte-stimulating hormone analog, which
targets the melanocortin type-1 receptor over-expressed, and used
in vivo to ablate tumor [77]. Another type of hollow structure gold
nanocages has been developed by Xia ef al. These particles are
formed by simultaneous depletion of silver and deposition of gold,
which results in hollow nanostructures with porous walls with an
edge length range of 30 to 200 nm. By adjusting the volumes of
HAuCl, solution, the maximum absorption peak can be varied from
500 nm to 900 nm [78]. Chen et al. performed the in vivo pho-
tothermal efficacy of gold nanocages conjugated with anti-HER2
antibodies using a bilateral tumor model. The gold nanocages
served also as a contrast agent in optical coherence tomography
[79-81]. In addition, gold nanocages are well suited for drug encap-
sulation due to hollow and porous structure and for controlled re-
lease by NIR light. Furthermore, Chen et al. investigated the in vivo
photothermal efficacy of gold nanocages using a bilateral tumor
model [82].

3.4. Gold Nanocluster

Gold nanospheres can be prepared by a relatively simple syn-
thetic method and the small size of nanoparticles makes them ap-
pealing for photothermal therapy applications. El-Sayed first sug-
gested gold nanospheres for selective photothermal agents against
oral squamous carcinoma cell lines in vitro using a continuous ar-
gon ion laser at 514 nm. They found that the malignant cell could
be destroyed with anti-EGFR/gold nanospheres even with four-fold
lower laser power compared to one in the absence of gold nano-

cRGD-PGNR

Fig. (5). Schematic illustration of the synthesis of cRGD-conjugated gold nanorods as imaging agent that exhibit excellent tumor-targeted imaging ability with
no cytotoxicity [73]. Copyright 2009WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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spheres [83]. In the recent work, Li ef al. reported that gold nano-
spheres with targeting transfer in molecules can provide imaging
and therapy of breast cancer cell line using a nanosecond laser op-
erating at 530 nm. As a result, transfer in conjugated gold nano-
spheres bound to Hs578T cells with a six-fold higher affinity that of
control group exhibited two-fold higher photothermal efficiency
[84].

Despite the success in using gold nanospheres for in vitro, these
particles have a limitation for in vivo application owing to maxi-
mum absorbance peak in the visible region at the around 500 nm.
Aggregated gold nanospheres show a similar behavior to gold nano-
rods because aggregated gold nanospheres cause a coupling of
plasmon modes, which results in a red shift and broadening of the
longitudinal plasmon resonance [46, 85]. Being conjugated to anti-
epidermal growth factor receptor (anti-EGFR) antibodies, gold
nanospheres bind specifically to the HSC 3 cancer cells. Under
exposure to a femtosecond NIR laser, a twenty-fold lower laser
power could destroy cancer cells [82]. Nam et al. demonstrated that
gold nanospheres can be deliberately designed to aggregate in
mildly acidic conditions. The pH-induced aggregation of gold nano-
spheres led to absorption in the NIR, which could be exploited for a
photothermal cancer therapy [46].

4. Targeted Delivery of Gold Nanostructures

Rapid clearance of nanoparticles from the blood after the intra-
venous injection is the main reason of failure for nanoparticle-based
therapy. In order to circumvent the RES intake, various parameters
such as nanoparticle size and surface-moieties have been studied
[86, 87]. Jong et al. found that the biodistribution of gold nano-
spheres is size-dependent. Various sized gold nanospheres (10, 50,
100 and 250 nm) were intravenously injected into the rat, and the
gold components in the organs including blood, heart, lung, liver,
spleen, kidney thymus, brain and testis were measured by using
ICP-MS. As a result, the smallest particles showed the most wide-
spread tissue distribution and relatively higher concentration of
gold compared to larger particles (Table 4) [88]. Similarly, Teren-
tyuk et al. evaluated the particle-size effects on the distribution of
15 nm, 50 nm of PEGylated gold nanospheres and 160 nm of sil-
ica/gold nanoshells in rat and rabbit, respectively. As expected, the
smallest 15 nm particles were widely distributed among the entire
organs, while 160 nm gold nanoshells were accumulated mainly in
the liver and spleen [89]. Other types of surface modification have
been suggested for biomedical applications. Other types of surface
modification have been suggested for biomedical applications.
Atsushi ef al. showed the gold nanorods were coated with ther-
moresponsive polymers such as N,N-dimethylacrylamide (DMAA)
or acrylamide (AAm) to N-isopropylacrylamide (NIPAM) which
have different phase transition temperature. Irradiation using the
near-infrared laser induced a decreased in their sizes. Among them,
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Poly(NIPAM-AAm)-coated gold nanorods have stable circulation
time without a phase transition and specifically accumulating in the
tumo [90]. Choi et al. showed thiolated dextran-coated gold nano-
rods for efficient targeted delivery and low cytotoxicity in compari-
son to hexadecyltrimethylammonium bromide (CTAB)-coated gold
nanorods [43] and Kim et al. demonstrated that CTAB was success-
fully replaced with PCL dish and Pluronic F127 that enhanced the
biocompatibility and extended to drug delivery system because of
the presence of PCL, which is available as a drug delivery vehicle
[91].

Furthermore, the surface of gold nanostructures has been
mostly modified with polyethylene glycol (PEG) for enhanced
non-fouling effects. Gold nanostructures modified with PEG as
a surface brush layer exhibit a protein resistance and non-
immunogenicity, because the segmental flexibility produces a high
degree of steric exclusion and reduces the entropy at interfaces
between PEG and water molecules [92]. Therefore, the blood half-
life of gold nanostructures can be greatly extended. Perrault et al.
evaluated the effect of PEG molecular weight having final hydro-
dynamic diameters of approximately 20, 40, 60, 80, and 100 nm. As
shown in Fig. (6), the circulation time of gold nanostructures is
improved with smaller particle diameter and larger PEG molecular
weight [93].

Lo*?

Half-Life (h)
8

A0

7@ “\m\

2 20 p-a(\\c\e
Fig. (6). Effect of PEG molecular weight and particle size of gold

nanoparticles on the blood half-life [92]. Copyright 2009 American Chemical
Society.

Recently, Jiang et al. demonstrated that 25-50 nm gold nanos-
tructures conjugated with targeting moieties have a long blood half-

Table 4. Biodistribution of the Average Number of Gold Particles to the Various Organs. Copyright 2008 Elsevier
Organs Number of Particles/ Mass of Organ
10 nm, 50 nm 100 nm 250 nm
Blood 19E+12 1.2E+ 10 2.2E+09 4.6E+ 07
Liver 24E+12 8.2E+09 2.3E+09 9.5E+07
Spleen LLIE+11 5.2E+08 7.3E+07 3.8E+ 06
Lung 14E+10 9.0E+08 2.2E+ 06 1.2E+05
Kidney 49E + 10 6.5E+07 3.8E+ 06 1.6E+ 05
Testis 1.LIE+ 10 _ _ 42E+ 04
Thymus 9.1E+ 09 B _ 6.4E+ 04
Heart 9.9E+ 09 2.2E+07 4.3E+ 05 _
Brain 1.6E+10 _ _ _




8 Anti-Cancer Agents in Medicinal Chemistry, 2011, Vol. 11, No. ??

life and are also in the optimal size range for a cellular uptake
in vitro and for a broad biodistribution of gold nanostructures in a
tumor mass (Fig. 7a) [94], which are very important to increase the
therapeutic effectiveness. Fluid pressure in a tumor mass is high in
the center and low in the periphery and surrounding tissue. There-
fore, gold nanostructures that enter the tumor through leaky vascu-
lature migrate to the tumor periphery and into the surrounding tis-
sue [93, 94]. Moreover, Perrault et al. demonstrated the washout
time and intra-tumoral distribution depended on the size of gold
nanostructures and observed that permeation into the tumor
decreased with increasing nanoparticle size (Fig. 7b) [93].

In conclusion, the selection of gold nanostructures with an ap-
propriate maximum absorption wavelength and a surface chemistry
is essential to improve gold nanoparticle tumor accumulation and
retention. Furthermore, the photothermal cancer therapy using gold
nanostructures should be considered along with the choice of the
light-irradiating modality, which will be described in the following
section.

5. Method to Provide Irradiating Energy

In general, the NIR light is useful for in vivo photothermal ther-
apy application because hemoglobins and water molecules, the
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major absorbers of visible and infrared light, have their lowest ab-
sorption coefficient in the NIR region; the absorption coefficient is
as much as two orders of magnitude smaller in the NIR region
(650~900 nm) as compared to the visible region (400~600 nm).
Thus, the NIR light can penetrate much deeper into tissue than the
visible light [40, 97]. One of the most promising approaches is util-
izing gold nanostructure-mediated photothermal therapy to operate
in the “NIR window” to minimize attenuation of the light caused by
unnecessary light-tissue interactions and to avoid damages in a
healthy tissue. It has been shown that photon excitation of surface
plasmon bands generates excited states in the free electrons on the
surface of the gold nanoparticle; phonons are then release after
relaxation of the electrons. The phonons subsequently relax and are
converted to heat within 100 ps [35, 36]. Consequently, most pho-
tons absorbed by gold nanostructures are transformed into heat.

Various laser types, such as continuous-wave laser, pulsed-
mode laser or dual laser, had been suggested for enhanced NIR
therapy. Many types of lasers can be made to operate in a continu-
ous wave mode to satisfy as the requirement of a photothermal
therapy application. For example, EI-Sayed et al. demonstrated that
anti-EGFR antibody-conjugated gold nanorods cause photothermal
destruction by near-infrared continuous-wave laser at 800 nm [47,
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Fig. (7). a) Illustrations with corresponding fluorescence images of Her2/neureceptor localization after treatment with different-sized Herceptin-conjugated
gold nanostructures. Arrows indicate Her2/neureceptors, and the nucleus is counterstained with DAPI (blue) [94]. Copyright 2008 Nature Publishing
Group. b) Gold nanostructures distribution with respect to distance from tumor blood vessels by densitometry analysis of tumor section [93]. Copyright 2009

American Chemical Society.
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58, 62]. In a recent study, however, one alternative is the use of a
pulsed-mode laser instead of a continuous-wave laser. Since the
pulse energy is equal to the average power divided by the retention
rate, enough laser power can be obtained by lowering the rate of
pulsed so that more energy can be built up in between pulses. In
particular, pulsed laser for the photothermal ablation of cancer cells
permits more efficient photothermal conversion, because lapses
between the pulses allow an additional time for electron-phonon
relaxation. Table 5 indicates that pulsed-mode lasers are more effi-
cient to induce cell damages than continuous-wave lasers; the ab-
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sorbance of gold nanostructures is saturated under continuous-wave
laser, thus decreasing the absorbance efficiency and the overall
energy conversion. Therefore, pulsed-mode laser is desirable for
cancer treatment. Folate-conjugated gold nanorods can be targeted
to tumor cells for photo-induced injury using NIR irradiation [11].
Membrane blebbing was observed after exposure to a femtosecond-
pulsed NIR laser at a power as low as 0.75 mW in vitro, whereas a
continuous-wave laser required a power of 6 mW to achieve the
same effect (Fig. 8) [11]. When a tumor in the early stage was
exposed to a single laser for therapy, an undesirable overheating could

Table 5. Energy Thresholds for Various Shapes of Gold Nanostructures for Photothermal Cancer Therapy. Copyright 2010 IEEE
Laser Mode Shape Unit Laser Source ‘Wavelength (nm) Repetition Rate (MHz) Energy Threshold (mJ/cm?) Ref.
Shell 820 3.4 x10 [57]
cw Rod Ti:sapphire 800 2.4 x10° [62]
24 x10° [11]
Sphere Argon [83]
Shell Fs 800 1.6 x10° [49]
Rod Fs Ti:sapphire 800 80 15.8 (linear pl) [101]
Pulsed X
765 7.9 (circular pl)
Sphere Fs Ti:sapphire 800 2.1x10° [102]
ns 530 10 2.1 x10° [84]

Fig. (8). Site-dependent photothermolysis mediated by folate-conjugated gold nanorods (red). (A,B) Cells with membrane-bound folate-conjugated gold
nanorods exposed to CW NIR laser irradiation experienced membrane perforation and blebbing at 6 mW. The loss of membrane integrity was indicated by
EB staining (yellow). (C,D) Cells with internalized F-NRs required 60 mW to produce a similar level of response. (E,F) folate-conjugated gold nanorods
internalized in KB cells labeled by folate-Bodipy (green) were exposed to laser irradiation at 60 mW, resulting in both membrane blebbing and disappearance
of the folate-conjugated gold nanorods. (G,H) NIH-3T3 cells were unresponsive to folate-conjugated gold nanorods, and did not suffer photo-induced damage
upon 60 mW laser irradiation. (I,J) Cells with membrane-bound folate-conjugated gold nanorods exposed to fs-pulsed laser irradiation produced membrane
blebbing at 0.75 mW. (K,L) Cells with internalized folate-conjugated gold nanorods remained viable after fs-pulsed irradiation at4.50 mW, as indicated by a
strong calcein signal (green) [11]. Copyright 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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occur. It was proposed that this uneven heating could be alleviated
by the use of a dual-laser heating configuration such as a fiber-optic
probe within the tumor to conduct NIR light, which would eventu-
ally lead to a minimally invasive therapy [98]. Schwartz ef al. prac-
ticed nanoshell-mediated therapy for tumors in the brain using a
fiber-optic probe [98]. On the other hand, exact simulation of the
thermal profile effect of nanoparticle-loaded tissue is essential to
achieve a maximal heat ablation in real solid tumors [70, 99]. Vera
et al. investigated the effects of gold nanoshells distribution density,
laser power intensity, and laser arrangement on the induced heat for
five different tissue types [100]. Maltzahn et al. computationally
demonstrated a photothermal tumor therapy using gold nanoparti-
cles and compared photothermal efficacy of gold nanorods with that
of gold nanoshells [99].

CONCLUSION

In recent years, NIR-absorbing gold nanostructures such as gold
nanoshells, gold nanorods, gold nanocages and aggregated gold
nanoparticles have come into the spotlight as photothermal agents
due to the potential for in vivo cancer ablation. In particular, the
tuning of surface plasmon resonance bands for gold nanostructure
from the visible region to the near infrared region makes them ideal
for a photothermal cancer therapy and imaging. For the efficient
cancer treatment, however, we should have a better understanding
of the intrinsic properties of gold nanostructures by further control-
ling the shape, size and surface modification. In this review, we
presented i) the mechanism for the cellular death signaling induced
by a thermal stress, ii) the overview on the fundamental properties
of gold nanostructures for the photothermal ablation and imaging of
cancer cells, iii) various gold nanostructure designs to have a
maximum absorption band at the NIR region and iv) therapy opti-
mization strategies involving nanoparticle surface modification and
laser operation method for an enhanced accumulation of gold
nanostructures to the target cancer and for an effective cancer cell
ablation. With further developments in this research field in a
timely manner, these advantageous features of gold nanostructures
as theragnostic agents would soon allow us to greatly improve the
quality of life for cancer patients.
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