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Abstract—In this paper, progress on the gold-nanoparticle-
enhanced photothermal therapy is reviewed. Size- and shape-
dependent optical absorption of gold nanoparticles, the effects of
various parameters on the therapeutic efficiency, and the mecha-
nisms of gold-nanoparticle-assisted cancer therapy are discussed.
Future research directions of gold-nanoparticle-assisted cancer
photothermal therapy are also suggested.
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I. INTRODUCTION

HYPERTHERMIA is a noninvasive approach to cancer
treatment, in which tissues are exposed to higher than

normal temperatures to promote selective destruction of ab-
normal cells. Cancer cells are more susceptible to hyperthermia
effects than normal cells because of their higher metabolic rates.
A marked reduction in tumor size after treatment by localized
hyperthermia has been demonstrated by numerous clinical stud-
ies [1]. Several methods, including microwave irradiation [2],
RF pulses [3], and ultrasound [4], have been used for the de-
livery of thermal energy. Although they can penetrate deep into
tissue, high fluences are required because of their diffusive na-
ture, which produces undesirable hyperthermic effects on sur-
rounding tissues. Near-infrared (NIR) laser beams can penetrate
tissues with sufficient intensity and high spatial precision. How-
ever, the low absorption of NIR light by tumors requires high
levels of energy input to produce enough hyperthermic effects.
The safety concerns associated with laser at such high energy
levels discourage its clinical considerations. To make this treat-
ment clinically safe and viable, the hyperthermic effect has to be
intensified and highly localized, which makes it necessary to en-
hance the light absorption and energy conversion in the tumors.
In this sense, localized hyperthermia with gold nanoparticles
is being developed as an alternative to the conventional hyper-
thermia methods [5]–[7]. Gold nanoparticles are able to quickly
convert the absorbed energy into heat energy in the picosecond
time domain, making them excellent agents for hyperthermic
cancer treatment. Apart from the light–heat conversion capabil-
ity, gold nanoparticles are also good contrast agents for cancer
detection. Due to their scattering and photoluminescence prop-
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Fig. 1. Schematic description of plasmon oscillation of a gold nanoparticle un-
der light irradiation. The electromagnetic field of the light causes the resonance
of electrons across the nanoparticle.

erties, various techniques suitable for 3-D in vivo imaging can
be applied for imaging at a cellular level. These techniques in-
clude two-photon fluorescence, second/third harmonic genera-
tion (SHG/THG) [8], optical coherence tomography (OCT) [9],
and reflectance confocal microscopy (RCM) [10]. This feature
also makes gold nanoparticles advantageous over other nano-
materials such as carbon nanotubes [11], another photothermal
agent used to destruct cancer cells. Gold nanoparticles have
been extensively used in other biological aspects such as in-
tracellular imaging [12], [13], biosensing [14], [15], etc., at-
tributable to their good biocompatibility [16], and size- and
shape-dependent optical properties [17], [18]. Their excellent
affinity to biomolecules makes it possible to functionalize them
with various specific targeting molecules [10], [16], [19].

II. SURFACE PLASMON RESONANCE OF GOLD NANOPARTICLES

For a metal nanoparticle such as a gold nanoparticle with
size much smaller than the wavelength of incident light, the
presence of an electromagnetic field at a certain wavelength
can induce a resonance of the free electrons across the par-
ticle, known as surface plasmon resonance (SPR; Fig. 1). As
a result of SPR, the particle absorbs and scatters the electro-
magnetic radiation intensely. The resonance wavelength of a
gold nanoparticle depends strongly on the size, shape, and sur-
face composition of the particle, and the dielectric properties of
the surrounding medium. This characteristic of gold nanoparti-
cles has been explored for enhancing the hyperthermic cancer
treatment [20]–[22]. Gold-nanoparticle-enhanced photothermal
therapy has been an active research area for the last few years.
Recently, gold nanoparticles have also been used to enhance
X-ray radiation and RF treatment of cancers [23]–[26].
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Fig. 2. (a) TEM picture of gold nanospheres with an average diameter of
25 nm. (b) Optical absorption of gold nanospheres of different sizes.

III. SIZE- AND SHAPE-DEPENDENT OPTICAL ABSORPTION OF

GOLD NANOPARTICLES

Gold nanoparticles can be produced in a variety of shapes,
including sphere [27], rod [28], cube [29], triangle/prism [30],
hexagon, star [31], [32], etc. Depending on the shape and size,
gold nanoparticles can absorb and scatter light in the visible
and NIR wavelength regions. So far, the commonly utilized
gold nanoparticles for cancer therapy include gold nanospheres,
nanoshells, nanorods, and nanocages. Therefore, in the follow-
ing sections, the optical absorption of these four types of gold
nanoparticles and their applications in photothermal therapy will
be discussed.

A. Gold Nanospheres

Gold nanospheres are the simplest form of gold nanoparti-
cles. They are easy to fabricate, which is a factor that contribute
to their extensive applications. The most commonly used gold
nanospheres have sizes ranging from a few nanometers to around
a hundred nanometers [Fig. 2(a)], with absorption wavelength
ranging from 500 to 600 nm. The maximum absorption wave-
length of a gold nanosphere moves to the longer wavelength as
its diameter increases [33].

B. Gold Nanoshells

Gold nanoshells are composite particles of gold and a di-
electric material. A gold nanoshell is consisted of a dielectric
core, usually of silica, and a gold shell has optical resonance
wavelength from visible to NIR region.

The preparation of gold nanoshells involves coating silica
nanoparticles having amine groups on the surface with a layer of
small gold nanospheres, usually a few nanometers in diameter,
and nucleating gold with the gold nanospheres as nucleating
centers to form a gold shell. The absorption wavelength of gold
nanoshells depends strongly on the ratio of the shell thickness
to the diameter of silica core (Fig. 3) [34]. With decrease in
this ratio, the absorption shifts to longer wavelengths in the NIR
region, making gold nanoshells attractive for in vivo study.

C. Gold Nanorods

Among the gold nanoparticles of various shapes, gold
nanorods have been attracting special interest. This is at-
tributable to their larger cross section for light absorption, con-
venience in controlling their absorption in the NIR region, and
the recent success in their size-controlled large-scale synthe-
sis [28], [35].

Fig. 3. Simulated optical absorption of gold nanoshells as a function of the
thickness of gold shell. The diameter of the silica core was fixed at 60 nm.
The absorption wavelength is tunable in the NIR region. With a decrease in
shell thickness, the absorption shifts to a longer wavelength. (Reproduced with
permission from [34], © 1998 Elsevier.)

Another factor contributing to the popularity of gold nanorod
is its strong two-photon-excited photoluminescence (TPL),
which is suitable for 3-D in vivo imaging [36], [37]. Typically,
a gold nanorod has two absorption bands, which correspond to
the transverse (short axis) plasmon resonance and longitudinal
(long axis) plasmon resonance. The crucial factor determining
the longitudinal absorption wavelength of a gold nanorod is its
aspect ratio, which is defined as the ratio between the length of
the long axis and that of the short-axis direction. By varying the
aspect ratio, the longitudinal absorption can be made tunable in
the NIR region [Fig. 4(b)], making gold nanorods suitable for
in vivo applications.

D. Gold Nanocages

Xia and his colleagues developed gold nanocages by etch-
ing silver nanocubes with gold chloride [40]–[42]. Therefore,
gold nanocages are hollow structures with thin, porous, and ro-
bust gold wall [Fig. 5(a)]. By using different amounts of gold
chloride, gold nanocages with controllable wall thickness and
absorption at wavelengths located from visible to NIR regions
are obtained [Fig. 5(b)]. The thicker the gold wall, the longer
the maximum absorption wavelength.

IV. GOLD-NANOPARTICLE-ENHANCED PHOTOTHERMAL

THERAPY

Compared with the conventional cancer therapeutic tech-
niques such as chemotherapy, the advantage of gold-
nanoparticle-assisted photothermal therapy is highly localized
cell damage (Fig. 6), which minimizes the side effects on healthy
cells. This technique provides a noninvasive approach to treat-
ment of cancers, particularly those at early stages.

A. Gold Nanospheres

Pitsillides et al. used light absorbing micro- and nanoparti-
cles, including iron oxide microparticles and gold nanospheres,
to treat cancer cells [43]. It was observed that irradiating lym-
phocytes cells with a short pulsed laser (20 ns) in the pres-
ence of gold nanospheres could increase the plasma membrane
permeability, which led to cell death. In a later work, Zharov
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Fig. 4. (a) TEM picture of gold nanorods with an aspect ratio of 4.0 (reprinted
with permission from [38], © 2008 Wiley–VCH Verlag GmbH & Company
KGaA). (b) Absorption spectra of gold nanorods with aspect ratios ranging from
2.4 to 5.6. (Reprinted with permission from [39], © 2006 American Chemical
Society.)

Fig. 5. (a) TEM image of gold nanocages. (b) Dependence of absorption on
the thickness of gold wall (the spectra from left to right corresponds to walls with
increasing thickness). (Reprinted with permission from [40], © 2007 American
Chemical Society.)

et al. reported enhanced cancer cell therapy using a nanosecond
laser [44]. It was found in both of the aforementioned two works
that particle size strongly influences the photothermal effects of
the particles on cells. Particles with size from 10 to 30 nm have
the strongest effect. Reduced effects were observed for particles
with size outside this range. Although the photothermal effect
of larger particles is more significant, as indicated by theoretical
calculations, their lower cellular uptake reduced overall effi-
ciency. In addition, the particle size of 10–30 nm was found to
be very well correlated to microbubble formation, a cause of
cell damage, induced by the particles.

Fig. 6. Picture showing the localized photothermal damage of cancer cells
(HeLa) labeled with gold nanorods and irradiated with a femtosecond laser.
Ethidium bromide (EB) was used to label dead cells. EB is membrane imper-
meable to live cells and is generally used for the examination of cell membrane
permeability, and thus, cell viability. The rectangular region corresponds to laser
irradiated area. It shows that all the cells in the area irradiated with laser were
killed and cells outside this region were not affected. The result indicates that
the photothermal effect is highly localized. Scale bar: 20 µm. Experimental
details are available in [38].

Research on cancer therapy using gold nanoparticles has
also been carried out by the group of El-Sayed et al. [45]. A
continuous-wave (CW) argon ion laser operating at 514 nm
was used to treat two lines of oral squamous carcinoma cells
(HSC 3 and HOC 313 Clone 8) and one benign epithelial cell
line (HaCaT). To achieve effective targeting, gold nanospheres
were conjugated with antiepithelial growth factor (anti-EGRF).
It was found that the effective powers for malignant cells (25 and
19 W/cm2 for HSC and HOC cells, respectively) are less than
half of that for the benign cells (57 W/cm2) due to the greater
uptake of the antibody-conjugated gold nanoparticles by the
cancer cells. In the absence of gold nanoparticles, all the cells
were not killed at a much higher power of 76 W/cm2 .

In a recent work, Li et al. used gold nanospheres to treat a
breast cancer cell line (HS578T) with a nanosecond laser op-
erating at a wavelength of 530 nm [46]. The gold nanospheres
with an average diameter of 25 nm were conjugated with trans-
ferrin to enhance the cellular uptake of the nanoparticles by the
cells. Cell damage was observed at a laser power at 7 W/cm2 . In
comparison, cell damage was observed at laser powers as high
as 1600 W/cm2 , two orders of magnitude higher, in the absence
of gold nanoparticles.

Despite the success in using gold nanospheres for in vitro
cancer cell treatment, their in vivo applicability is limited due
to their optical absorption in the visible region, which is a fac-
tor that contributes to the less interest in their application for
cancer treatment. Huang et al. extended the application of gold
nanospheres to the NIR region by employing the nonlinear prop-
erties of gold nanospheres [20]. Gold nanospheres were conju-
gated with anti-EGFR antibody for targeting and photothermal
therapy of HSC oral cancer cells using a femtosecond laser
at 800 nm. A quadratic dependence of the photothermal effi-
ciency on the laser power was obtained, indicating an SHG or
a two-photon absorption process. Despite the success in NIR
excitation of gold nanospheres, higher incident laser power has
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to be applied, leading to higher energy fluence inputs due to the
nonlinearity.

B. Gold Nanoshells

West and coworkers did pioneering work on both in vitro and
in vivo photothermal therapy of cancers using gold nanoshells.
In one of their works, gold nanoshells were conjugated with
antibody for both dark field imaging and therapy of HER-2-
positive breast cancer cells SKBr3 [47]. Cells targeted with the
functional nanoshells were killed by an NIR laser operating at
80 mW/cm2 for 7 min, while cells without nanoshells were not
affected. In addition, cell damage was confined in the laser expo-
sure area, indicating the highly localized thermal effect. Detailed
in vivo work on the effects of laser irradiation on tumor size and
mice surviving rate were carried out in a recent work [48]. Tu-
mors treated with nanoshells were substantially regressed 12
days after therapy, compared with the substantial growing of
tumors untreated and treated with phosphate-buffered saline
(PBS). The surviving rate of mice treated with nanoshells was
monitored within seven weeks after therapy and a rate of more
than 80% was obtained, compared with the much lower rate
(<20%) of the mice not treated with nanoshells. This study in-
dicates that nanoshells could be potentially used to enhance the
photothermal therapy of cancers. In a recent publication, gold
nanoshells were used by the same research group to treat central
nervous system tumors [49]. Enhanced therapy in the presence
of antibody-conjugated gold nanoshells was reported.

Increasing interest is being shown on the applications of
magnetic gold nanoshells for cancer cell imaging and ther-
apy [50]–[53]. Magnetic gold nanoshells were formed by em-
bedding magnetic nanoparticles inside the gold shell. The mag-
netic property of the nanoshells makes it feasible to use another
imaging-mode MRI for observing the distribution of the parti-
cles in vitro or in vivo. In vivo study of tumor treatment under
magnetic resonance guidance showed that tumors treated with
magnetic gold nanoshells reached an average maximum tem-
perature increase of 37.4 ± 6.6 ◦C, which was capable of in-
ducing irreversible tissue damage. However, without nanoshell
injection, the temperature increase was less than 10 ◦C, be-
low the threshold for tissue damage [54]. Kim et al. studied
the photothermal therapy of two cancer cell lines using multi-
functional magnetic gold nanoshells [50]. It was observed that
cells targeted with the nanoshells could be damaged after a
short 10 s exposure of a femtosecond laser. Without nanoshells,
the cells could not be killed after being exposed to a power of
80 mW (laser beam diameter 1 mm). The power threshold for the
nanoshell-labeled cells was found to be 20 mW. At this power,
cells only at the center of the laser beam exposure were damaged,
and with increasing laser power, the area of the dead cell spread
due to the Gaussian energy distribution. Gold nanoshells with
magnetic cores were also used for the effective photothermal
therapy of other cancer cells [52].

C. Gold Nanorods

El-Sayed and his colleagues used gold nanorods for pho-
tothermal treatment of cancer cells [39]. Gold nanorods with

NIR absorption at 800 nm were conjugated with anti-EGFR
antibody for targeted therapy of oral cancer cells. An NIR
CW laser was used. The normal cells were damaged at a laser
power of 20 W/cm2 , while the value for the malignant cells was
10 W/cm2 . In addition, cell damage was observed to be confined
within the laser spot area, indicating highly localized thermal
effect. The strong dark field scattering of the nanorods made it
possible for the cancer diagnostics to be carried out. In vivo can-
cer treatment using gold nanorods was also carried out by the
authors [55]. The nanorods were administrated into mice with
squamous cell carcinoma xenografts by both direct injection
into the tumors and intravenous injection. Inhibition of average
tumor growth for both delivery methods was observed over a
13-day period, with resorption of >57% of the directly injected
tumors and 25% of the intravenously injected tumors.

In vitro cancer therapy using gold nanorods has also been
performed by Li et al. [38] and Tong et al. [56], which will be
discussed in the following sections.

The advantages of gold nanorods over nanospheres and
nanoshells are the narrower absorption band and stronger two-
photon luminescence. The strong two-photon luminescence of-
fers a labeling-free method for 3-D cancer diagnostics.

D. Gold Nanocages

Xia and his colleagues used gold nanocages for cancer pho-
tothermal therapy [40], [42]. A quantitative study on the pho-
tothermal effect of gold nanocages targeted to breast cancer
cells was reported recently [57]. To achieve targeting purpose,
gold nanocages with an average edge length of 65 ± 7 nm and
a maximal absorption at 800 nm were conjugated with mono-
clonal antibodies (anti-HER2). The number of gold nanocages
immobilized per cell and the photothermal effect were quantified
using flow cytometry. The optimal dosage of nanocages and the
parameters of the laser irradiation (pulsed NIR laser), including
laser power density and irradiation time, were determined.

Despite the success in using gold nanocages for cancer cell
treatment, its low popularity is in contrast to those of other types
of gold nanoparticles, due to the current complicated procedure
to produce the nanocages. The crucial step of the gold nanocage
fabrication is the preparation of silver nanocubes, which needs
to be processed in nonaqueous solvents at elevated tempera-
tures. With the development of simpler synthetic method, more
research on this type of gold nanoparticles can be expected.

V. MECHANISMS OF PHOTOTHERMAL THERAPY

In general, it is believed that the damage of cells labeled with
gold nanoparticles upon laser irradiation is a result of the rapid
conversion of absorbed light by the gold nanoparticles to thermal
energy, which heats and kills the cells. The process involves the
transfer of absorbed light from gold nanoparticles to cells by
rapid electron–phonon relaxation in the nanoparticles followed
by phonon–phonon relaxation, resulting in an increase in the
temperature of the nanoparticles and cells. However, in many
cases, cell therapy by laser in the presence of gold nanoparticles
has been observed to be the results of effects other than the
direct temperature increase. Nevertheless, these effects can be
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Fig. 7. Energy thresholds for cancer cell (HeLa) therapy under linearly and
circularly polarized light illumination. The results show that depending on the
incident power density, the adoption of a circularly polarized beam can reduce
the threshold of energy fluence to values from one-fifth to half of those obtained
under the irradiation of a linearly polarized beam. Experimental details are
available in [38].

safety standard of 100 mJ/cm2 , for cell damage were reported
in the case of nanorods when the cell samples were scanned
by lasers instead of being irradiated with lasers focused on one
spot [38], [56]. The low energy fluences are attributable to the
very short interaction of light with nanorods, which is only
40 [38] and 126 µs [56] during one scan. The ultralow en-
ergy fluences obtained in these cases indicate that a continuous
laser irradiation might not ensure higher energy efficiency. Con-
tinuous exposure of nanoparticles to laser will cause a severe
change of the nanoparticles both in shape and size [61], [62].
This change causes shift in absorption wavelength, and hence,
reduces the light absorption efficiency. Nanocages have cross
sections comparable to those of gold nanorods. The high en-
ergy fluence required for this type of gold nanoparticles might
be due to the use of a pulsed laser with a larger pulsewidth
(picoseconds) [40].

It is worth mentioning that a comparison of results from dif-
ferent works cannot provide conclusive definition of the role of
laser properties in deciding the energy input, due to the noncon-
formity of other parameters, such as the nanoparticle concentra-
tion, the location of the nanoparticles in cells, the aggregation
state of the nanoparticles, etc. The comparison made between
CW and femtosecond pulsed laser by Tong et al. in the same
work led to a more concrete conclusion that short pulsed laser
was more effective than a CW laser [56].

VII. SUMMARY AND FUTURE DIRECTION

The recent research summarized before indicates that gold
nanoparticles can be promisingly utilized to enhance hyperther-
mic cancer treatment, making this approach to cancer therapy
less invasive. Despite the increasing number of publications
on gold-nanoparticle-assisted cancer detection and therapy over
the last few years, there is still a lot of work to be done before
this technique is clinically applicable, due to safety concerns.
It is predictable that future research in area will be focused
on the development of a medically safe and clinically viable

photothermal therapeutic technique. To this end, the following
considerations or combinations of them should be taken.

1) Selecting suitable gold nanoparticles: Gold nanoparticles
with absorption in the NIR region and with larger cross
sections should be used in order to maximize the light ab-
sorption by malignant tissues and minimize energy input.
Gold nanorods, nanoshells, and nanocages are advanta-
geous over nanospheres.

2) Selecting ultrafast pulsed lasers, particularly femtosec-
ond laser, instead of CW laser: Femtosecond laser micro-
surgery (FLMS) has emerged as a superior technique for
ablation of cells and subcellular structures [63], [64]. In
FLMS, laser absorption is confined to the focal volume
as a result of nonlinear interaction. This technique has
been used clinically for surgery since 2003 [65]. A com-
bination of gold nanoparticles with FLMS can lead to the
development of less invasive hyperthermia treatments.

3) Enhancing light absorption efficiency: In order to re-
duce the energy input, the polarization dependence of
anisotropic gold nanoparticles such as gold nanorods can
be harnessed. More efficient absorption can be realized by
using a circular polarized beam to excite as many nanorods
in the cells as possible.

4) Combining photothermal therapy with other therapeu-
tic techniques: Hyperthermia has been conventionally
combined with other therapeutic techniques, such as
chemotherapy and radiation therapy, to achieve effi-
cient cancer treatment [66]–[68]. In a recent work, gold-
nanorods-enhanced hyperthermia was combined with
chemotherapy to treat cancer cells. In this paper, the laser
power was tuned to effectively halt cell proliferation, in-
stead of killing the cells directly with a laser, as done in
previous works [69]. The combination of these two modes
led to increased cytotoxicity, greater than sum of the in-
dependent treatments. The speculated mechanism for the
superadditive or synergistic effect is that upon optical ex-
citation, gold nanorods can break down the cell membrane
so that the permeability of cell membrane and cellular up-
take of the drug are enhanced. In an earlier work, gold
nanoparticles were also linked with a viral vector, which
can be potentially used in combined photothermal and
gene cancer therapy [70].

5) Combining the gold-nanoparticle-assisted photothermal
therapy with two-photon fluorescence microscopy: To re-
alize the potential of gold-nanoparticle-assisted FLMS
in clinically applications, it is essential that the applica-
tion of this technique can be performed in an observable
and guided manner. Two-photon fluorescence microscopy
utilizes NIR femtosecond laser pulses, similar to those
for FLMS. Therefore, by integrating two-photon fluores-
cence microscopy with FLMS, cell surgery can be done
in an observable and controlled manner [71]. In addition,
laser beams can be directed to tumors located inside body
through optical fibers, which minimizes the possible dam-
age of healthy tissues by laser and also contributes to a re-
duced energy input. The strong two-photon-induced pho-
toluminescence from gold nanoparticles will also make
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this hybrid technique feasible to cancer diagnosis without
the use of additional molecular markers.

REFERENCES

[1] W. P. Faulk and G. M. Taylor, “An immunocolloid method for the electron
microscope,” Immunochemistry, vol. 8, pp. 1081–1083, 1971.

[2] J. C. Kumaradas and M. D. Sherar, “An edge-element based finite element
model of microwave heating in hyperthermia: Method and verification,”
Int. J. Hyperthermia, vol. 18, pp. 426–440, Sep./Oct. 2002.

[3] T. Ohguri, H. Imada, F. Kato, K. Yahara, T. Morioka, K. Nakano, and
Y. Korogi, “Radiotherapy with 8 MHz radiofrequency-capacitive regional
hyperthermia for pain relief of unresectable and recurrent colorectal can-
cer,” Int. J. Hyperthermia, vol. 22, pp. 1–14, Jan. 2006.

[4] R. M. Arthur, W. L. Straube, J. W. Trobaugh, and E. G. Moros, “Non-
invasive estimation of hyperthermia temperatures with ultrasound,” Int.
J. Hyperthermia, vol. 21, pp. 589–600, Sep. 2005.

[5] L. Tong, Q. S. Wei, A. Wei, and J. X. Cheng, “Gold nanorods as contrast
agents for biological imaging: Optical properties, surface conjugation
and photothermal effects,” Photochem. Photobiol., vol. 85, pp. 21–32,
Jan./Feb. 2009.

[6] P. Diagaradjane, A. Shetty, J. C. Wang, A. M. Elliott, J. Schwartz,
S. Shentu, H. C. Park, A. Deorukhkar, R. J. Stafford, S. H. Cho,
J. W. Tunnell, J. D. Hazle, and S. Krishnan, “Modulation of in vivo tumor
radiation response via gold nanoshell-mediated vascular-focused hyper-
thermia: Characterizing an integrated antihypoxic and localized vascular
disrupting targeting strategy,” Nano Lett., vol. 8, pp. 1492–1500, May
2008.

[7] S. Lal, S. E. Clare, and N. J. Halas, “Nanoshell-enabled photothermal
cancer therapy: Impending clinical impact,” Acc. Chem. Res., vol. 41,
pp. 1842–1851, Dec. 2008.

[8] H. A. Clark, P. J. Campagnola, J. P. Wuskell, A. Lewis, and
L. M. Loew, “Second harmonic generation properties of fluorescent
polymer-encapsulated gold nanoparticles,” J. Amer. Chem. Soc., vol. 122,
pp. 10234–10235, Oct. 2000.

[9] D. Huang, E. A. Swanson, C. P. Lin, J. S. Schuman, W. G. Stinson,
W. Chang, M. R. Hee, T. Flotte, K. Gregory, C. A. Puliafito, and J. G.
Fujimoto, “Optical coherence tomography,” Science, vol. 254, pp. 1178–
1181, 1991.

[10] K. Sokolov, M. Follen, J. Aaron, I. Pavlova, A. Malpica, R. Lotan, and
R. Richards-Kortum, “Real-time vital optical imaging of precancer us-
ing anti-epidermal growth factor receptor antibodies conjugated to gold
nanoparticles,” Cancer Res., vol. 63, pp. 1999–2004, May 2003.

[11] N. W. S. Kam, M. O’Connell, J. A. Wisdom, and H. J. Dai, “Carbon nan-
otubes as multifunctional biological transporters and near-infrared agents
for selective cancer cell destruction,” Proc. Natl. Acad. Sci. USA, vol. 102,
pp. 11600–11605, Aug. 2005.

[12] S. Kumar, N. Harrison, R. Richards-Kortum, and K. Sokolov, “Plasmonic
nanosensors for imaging intracellular biomarkers in live cells,” Nano
Lett., vol. 7, pp. 1338–1343, May 2007.

[13] J. S. Aaron, J. Oh, T. A. Larson, S. Kumar, T. E. Milner, and K. V. Sokolov,
“Increased optical contrast in imaging of epidermal growth factor receptor
using magnetically actuated hybrid gold/iron oxide nanoparticles,” Opt.
Exp., vol. 14, pp. 12930–12943, Dec. 2006.

[14] C. X. Yu and J. Irudayaraj, “Multiplex biosensor using gold nanorods,”
Anal. Chem., vol. 79, pp. 572–579, Jan. 2007.

[15] H. Zhang and N. Hu, “Assembly of myoglobin layer-by-layer films with
poly(propyleneimine) dendrimer-stabilized gold nanoparticles and its ap-
plication in electrochemical biosensing,” Biosens. Bioelectron., vol. 23,
pp. 393–399, Oct. 2007.

[16] N. L. Rosi, D. A. Giljohann, C. S. Thaxton, A. K. R. Lytton-Jean,
M. S. Han, and C. A. Mirkin, “Oligonucleotide-modified gold nanoparti-
cles for intracellular gene regulation,” Science, vol. 312, pp. 1027–1030,
May 2006.

[17] R. Bardhan, N. K. Grady, J. R. Cole, A. Joshi, and N. J. Halas, “Fluo-
rescence enhancement by Au nanostructures: Nanoshells and nanorods,”
ACS Nano, vol. 3, pp. 744–752, Mar. 2009.

[18] N. A. Mirin and N. J. Halas, “Light-bending nanoparticles,” Nano Lett.,
vol. 9, pp. 1255–1259, Mar. 2009.

[19] A. K. Oyelere, P. C. Chen, X. H. Huang, I. H. El-Sayed, and M. A.
El-Sayed, “Peptide-conjugated gold nanorods for nuclear targeting,” Bio-
conjug. Chem., vol. 18, pp. 1490–1497, Sep./Oct. 2007.

[20] X. Huang, W. Qian, I. H. El-Sayed, and M. A. El-Sayed, “The potential use
of the enhanced nonlinear properties of gold nanospheres in photothermal
cancer therapy,” Laser Surg. Med., vol. 39, pp. 747–753, Oct. 2007.

[21] T. B. Huff, L. Tong, Y. Zhao, M. N. Hansen, J. X. Cheng, and A. Wei,
“Hyperthermic effects of gold nanorods on tumor cells,” Nanomedicine,
vol. 2, pp. 125–132, Feb. 2007.

[22] C. Loo, A. Lin, L. Hirsch, M. H. Lee, J. Barton, N. Halas, J. West, and
R. Drezek, “Nanoshell-enabled photonics-based imaging and therapy of
cancer,” Technol. Cancer Res. Treat., vol. 3, pp. 33–40, Feb. 2004.

[23] J. Cardinal, J. R. Klune, E. Chory, G. Jeyabalan, J. S. Kanzius,
M. Nalesnik, and D. A. Geller, “Noninvasive radiofrequency ablation of
cancer targeted by gold nanoparticles,” Surgery, vol. 144, pp. 125–132,
Aug. 2008.

[24] T. Kong, J. Zeng, X. P. Wang, X. Y. Yang, J. Yang, S. McQuarrie, A.
McEwan, W. Roa, J. Chen, and J. Z. Xing, “Enhancement of radiation cy-
totoxicity in breast-cancer cells by localized attachment of gold nanopar-
ticles,” Small, vol. 4, pp. 1537–1543, Sep. 2008.

[25] C. J. Liu, C. H. Wang, C. C. Chien, T. Y. Yang, S. T. Chen, W. H. Leng,
C. F. Lee, K. H. Lee, Y. Hwu, Y. C. Lee, C. L. Cheng, C. S. Yang, Y. J. Chen,
J. H. Je, and G. Margaritondo, “Enhanced X-ray irradiation-induced cancer
cell damage by gold nanoparticles treated by a new synthesis method of
polyethylene glycol modification,” Nanotechnology, vol. 19, pp. 295104-
1–295104-5, Jul. 2008.

[26] X. J. Zhang, J. Z. Xing, J. Chen, L. Ko, J. Amanie, S. Gulavita, N. Pervez,
D. Yee, R. Moore, and W. Roa, “Enhanced radiation sensitivity in prostate
cancer by gold-nanoparticles,” Clin. Invest. Med., vol. 31, pp. E160–E167,
2008.

[27] M. Horisberger and M. T. Vonlanthen, “Ultrastructural localization of
Kunitz inhibitor on this sections of Glycine max (soybean) cv. Maple
Arrow by the gold method,” Histochemistry, vol. 77, pp. 37–50, 1983.

[28] T. K. Sau and C. J. Murphy, “Seeded high yield synthesis of short Au
nanorods in aqueous solution,” Langmuir, vol. 20, pp. 6414–6420, Jul.
2004.

[29] F. Kim, S. Connor, H. Song, T. Kuykendall, and P. D. Yang, “Platonic gold
nanocrystals,” Angew. Chem. Int. Ed., vol. 43, pp. 3673–3677, 2004.

[30] S. S. Shankar, A. Rai, B. Ankamwar, A. Singh, A. Ahmad, and M. Sastry,
“Biological synthesis of triangular gold nanoprisms,” Nat. Mater., vol. 3,
pp. 482–488, Jul. 2004.

[31] J. Zhang, H. Liu, Z. Wang, and N. Ming, “Shape-selective synthesis of
gold nanoparticles with controlled sizes, shapes, and plasmon resonances,”
Adv. Funct. Mater., vol. 17, pp. 3295–3303, 2007.

[32] T. K. Sau and C. J. Murphy, “Room temperature, high-yield synthesis
of multiple shapes of gold nanoparticles in aqueous solution,” J. Amer.
Chem. Soc., vol. 126, pp. 8648–8649, Jul. 2004.

[33] S. Link and M. A. El-Sayed, “Size and temperature dependence of the
plasmon absorption of colloidal gold nanoparticles,” J. Phys. Chem. B,
vol. 103, pp. 4212–4217, May 1999.

[34] S. J. Oldenburg, R. D. Averitt, S. L. Westcott, and N. J. Halas, “Nanoengi-
neering of optical resonances,” Chem. Phys. Lett., vol. 288, pp. 243–247,
May 1998.

[35] N. R. Jana, “Gram-scale synthesis of soluble, near-monodisperse gold
nanorods and other anisotropic nanoparticles,” Small, vol. 1, pp. 875–
882, Aug. 2005.

[36] H. F. Wang, T. B. Huff, D. A. Zweifel, W. He, P. S. Low, A. Wei, and
J. X. Cheng, “In vitro and in vivo two-photon luminescence imaging of
single gold nanorods,” Proc. Natl. Acad. Sci. USA, vol. 102, pp. 15752–
15756, Nov. 2005.

[37] N. J. Durr, T. Larson, D. K. Smith, B. A. Korgel, K. Sokolov, and A. Ben-
Yakar, “Two-photon luminescence imaging of cancer cells using molec-
ularly targeted gold nanorods,” Nano Lett., vol. 7, pp. 941–945, Apr.
2007.

[38] J. L. Li, D. Day, and M. Gu, “Ultra-low energy threshold for cancer
photothermal therapy using transferrin-conjugated gold nanorods,” Adv.
Mater., vol. 20, pp. 3866–3871, Oct. 2008.

[39] X. H. Huang, I. H. El-Sayed, W. Qian, and M. A. El-Sayed, “Cancer cell
imaging and photothermal therapy in the near-infrared region by using
gold nanorods,” J. Amer. Chem. Soc., vol. 128, pp. 2115–2120, Feb.
2006.

[40] J. Y. Chen, D. L. Wang, J. F. Xi, L. Au, A. Siekkinen, A. Warsen, Z. Y. Li,
H. Zhang, Y. N. Xia, and X. D. Li, “Immuno gold nanocages with tailored
optical properties for targeted photothermal destruction of cancer cells,”
Nano Lett., vol. 7, pp. 1318–1322, May 2007.

[41] H. Cang, T. Sun, Z. Y. Li, J. Y. Chen, B. J. Wiley, Y. N. Xia, and X. D. Li,
“Gold nanocages as contrast agents for spectroscopic optical coherence
tomography,” Opt. Lett., vol. 30, pp. 3048–3050, Nov. 2005.

[42] J. Y. Chen, B. Wiley, Z. Y. Li, D. Campbell, F. Saeki, H. Cang, L. Au, J. Lee,
X. D. Li, and Y. N. Xia, “Gold nanocages: Engineering their structure for
biomedical applications,” Adv. Mater., vol. 17, pp. 2255–2261, Sep. 2005.



996 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 16, NO. 4, JULY/AUGUST 2010

[43] C. M. Pitsillides, E. K. Joe, X. B. Wei, R. R. Anderson, and C. P. Lin,
“Selective cell targeting with light-absorbing microparticles and nanopar-
ticles,” Biophys. J., vol. 84, pp. 4023–4032, Jun. 2003.

[44] V. P. Zharov, V. Galitovsky, and M. Viegas, “Photothermal detection of
local thermal effects during selective nanophotothermolysis,” Appl. Phys.
Lett., vol. 83, pp. 4897–4899, Dec. 2003.

[45] I. H. El-Sayed, X. H. Huang, and M. A. El-Sayed, “Selective laser photo-
thermal therapy of epithelial carcinoma using anti-EGFR antibody con-
jugated gold nanoparticles,” Cancer Lett., vol. 239, pp. 129–135, Jul.
2006.

[46] J. L. Li, L. Wang, X. Y. Liu, Z. P. Zhang, H. C. Guo, W. M. Liu, and
S. H. Tang, “In vitro cancer cell imaging and therapy using transferrin-
conjugated gold nanoparticles,” Cancer Lett., vol. 274, pp. 319–326, Feb.
2009.

[47] C. Loo, A. Lowery, N. Halas, J. West, and R. Drezek, “Immunotargeted
nanoshells for integrated cancer imaging and therapy,” Nano Lett., vol. 5,
pp. 709–711, Apr. 2005.

[48] A. M. Gobin, M. H. Lee, N. J. Halas, W. D. James, R. A. Drezek, and
J. L. West, “Near-infrared resonant nanoshells for combined optical imag-
ing and photothermal cancer therapy,” Nano Lett., vol. 7, pp. 1929–1934,
Jul. 2007.

[49] R. J. Bernardi, A. R. Lowery, P. A. Thompson, S. M. Blaney, and
J. L. West, “Immunonanoshells for targeted photothermal ablation in
medulloblastoma and glioma: An in vitro evaluation using human cell
lines,” J. Neuro-Oncol., vol. 86, pp. 165–172, Jan. 2008.

[50] J. Kim, S. Park, J. E. Lee, S. M. Jin, J. H. Lee, I. S. Lee, I. Yang,
J. S. Kim, S. K. Kim, M. H. Cho, and T. Hyeon, “Designed fabrication of
multifunctional magnetic gold nanoshells and their application to magnetic
resonance imaging and photothermal therapy,” Angew. Chem. Int. Ed.,
vol. 45, pp. 7754–7758, 2006.

[51] Y. T. Lim, M. Y. Cho, J. K. Kim, S. Hwangbo, and B. H. Chung, “Plasmonic
magnetic nanostructure for bimodal imaging and photonic-based therapy
of cancer cells,” Chembiochem, vol. 8, pp. 2204–2209, Dec. 2007.

[52] J. Lee, J. Yang, H. Ko, S. J. Oh, J. Kang, J. H. Son, K. Lee, S. W. Lee,
H. G. Yoon, J. S. Suh, Y. M. Huh, and S. Haam, “Multifunctional magnetic
gold nanocomposites: Human epithelial cancer detection via magnetic res-
onance imaging and localized synchronous therapy,” Adv. Funct. Mater.,
vol. 18, pp. 1–8, 2008.

[53] X. Ji, R. Shao, A. M. Elliott, R. J. Stafford, E. Esparza-Coss, J. A. Bankson,
G. Liang, Z. P. Luo, K. Park, J. T. Markert, and C. Li, “Bifunctional gold
nanoshells with a superparamagnetic iron oxide-silica core suitable for
both MR imaging and photothermal therapy,” J. Phys. Chem. C, vol. 111,
pp. 6245–6251, May 2007.

[54] L. R. Hirsch, R. J. Stafford, J. A. Bankson, S. R. Sershen, B. Rivera,
R. E. Price, J. D. Hazle, N. J. Halas, and J. L. West, “Nanoshell-mediated
near-infrared thermal therapy of tumors under magnetic resonance guid-
ance,” Proc. Natl. Acad. Sci. USA, vol. 100, pp. 13549–13554, Nov.
2003.

[55] E. B. Dickerson, E. C. Dreaden, X. H. Huang, I. H. El-Sayed, H. H. Chu,
S. Pushpanketh, J. F. McDonald, and M. A. El-Sayed, “Gold nanorod
assisted near-infrared plasmonic photothermal therapy (PPTT) of squa-
mous cell carcinoma in mice,” Cancer Lett., vol. 269, pp. 57–66, Sep.
2008.

[56] L. Tong, Y. Zhao, T. B. Huff, M. N. Hansen, A. Wei, and J. X. Cheng,
“Gold nanorods mediate tumor cell death by compromising membrane
integrity,” Adv. Mater., vol. 19, pp. 3136–3141, Oct. 2007.

[57] L. Au, D. S. Zheng, F. Zhou, Z. Y. Li, X. D. Li, and Y. N. Xia, “A
quantitative study on the photothermal effect of immuno gold nanocages
targeted to breast cancer cells,” ACS Nano, vol. 2, pp. 1645–1652, Aug.
2008.

[58] V. P. Zharov, E. N. Galitovskaya, C. Johnson, and T. Kelly, “Synergistic
enhancement of selective nanophotothermolysis with gold nanoclusters:
Potential for cancer therapy,” Laser Surg. Med., vol. 37, pp. 219–226,
Oct. 2005.

[59] G. Akchurin, B. Khlebtsov, G. Akchurin, V. Tuchin, V. Zharov,
and N. Khlebtsov, “Gold nanoshell photomodification under a single-
nanosecond laser pulse accompanied by color-shifting and bubble forma-
tion phenomena,” Nanotechnology, vol. 19, pp. 015701-1–015701-8, Jan.
2008.

[60] D. P. O’Neal, L. R. Hirsch, N. J. Halas, J. D. Payne, and J. L. West, “Photo-
thermal tumor ablation in mice using near infrared-absorbing nanoparti-
cles,” Cancer Lett., vol. 209, pp. 171–176, Jun. 2004.

[61] S. Link, C. Burda, M. B. Mohamed, B. Nikoobakht, and M. A. El-Sayed,
“Laser photothermal melting and fragmentation of gold nanorods: Energy
and laser pulse-width dependence,” J. Phys. Chem. A, vol. 103, pp. 1165–
1170, Mar. 1999.

[62] S. Link, C. Burda, B. Nikoobakht, and M. A. El-Sayed, “Laser-induced
shape changes of colloidal gold nanorods using femtosecond and nanosec-
ond laser pulses,” J. Phys. Chem. B, vol. 104, pp. 6152–6163, Jul. 2000.

[63] U. K. Tirlapur and K. Konig, “Cell biology—Targeted transfection by
femtosecond laser,” Nature, vol. 418, pp. 290–291, Jul. 2002.

[64] M. F. Yanik, H. Cinar, H. N. Cinar, A. D. Chisholm, Y. S. Jin, and
A. Ben-Yakar, “Neurosurgery—Functional regeneration after laser axo-
tomy,” Nature, vol. 432, pp. 822–822, Dec. 2004.

[65] I. Ratkay-Traub, I. E. Ferincz, T. Juhasz, R. M. Kurtz, and R. R. Krueger,
“First clinical results with the femtosecond neodynium–glass laser in
refractive surgery,” J. Refract. Surg., vol. 19, pp. 94–103, Mar./Apr.
2003.

[66] K. T. Hoffmann, B. Rau, P. Wust, C. Stroszczynski, M. Hunerbein,
U. Schneider, and R. Felix, “Restaging of locally advanced carcinoma
of the rectum with MR imaging after preoperative radio-chemotherapy
plus regional hyperthermia,” Strahlenther. Onkol., vol. 178, pp. 386–392,
Jul. 2002.

[67] R. D. Issels, S. Abdel-Rahman, C. M. Wendtner, M. H. Falk, V. Kurze,
H. Sauer, U. Aydemir, and W. Hiddemann, “Neoadjuvant chemotherapy
combined with regional hyperthermia (RHT) for locally advanced primary
or recurrent high-risk adult soft-tissue sarcomas (STS) of adults: Long-
term results of a phase II study,” Eur. J. Cancer, vol. 37, pp. 1599–1608,
Sep. 2001.

[68] P. Wust, B. Hildebrandt, G. Sreenivasa, B. Rau, J. Gellermann, H. Riess,
R. Felix, and P. M. Schlag, “Hyperthermia in combined treatment of
cancer,” Lancet Oncol., vol. 3, pp. 487–497, Aug. 2002.

[69] T. S. Hauck, T. L. Jennings, T. Yatsenko, J. C. Kumaradas, and
W. C. W. Chan, “Enhancing the toxicity of cancer chemotherapeutics
with gold nanorod hyperthermia,” Adv. Mater., vol. 20, pp. 3832–3838,
Oct. 2008.

[70] M. Everts, V. Saini, J. L. Leddon, R. J. Kok, M. Stoff-
Khalili, M. A. Preuss, C. L. Millican, G. Perkins, J. M. Brown,
H. Bagaria, D. E. Nikles, D. T. Johnson, V. P. Zharov, and
D. T. Curiel, “Covalently linked Au nanoparticles to a viral vector: Po-
tential for combined photothermal and gene cancer therapy,” Nano Lett.,
vol. 6, pp. 587–591, Apr. 2006.

[71] C. L. Hoy, N. J. Durr, P. Y. Chen, W. Piyawattanametha, H. Ra, O.
Solgaard, and A. Ben-Yakar, “Miniaturized probe for femtosecond laser
microsurgery and two-photon imaging,” Opt. Exp., vol. 16, pp. 9996–
10005, Jun. 2008.

Jing-Liang Li received the Ph.D. degree in chemical engineering from the Na-
tional University of Singapore, Singapore, in 2004.

In 2004, he joined the Biophysics and Microstructures Group, Physics De-
partment, National University of Singapore, as a Research Fellow, where he was
engaged in the research of nanostructure and rheological property engineering of
supramolecular materials, and using gold nanoparticle for cancer photothermal
therapy. In 2006, he joined the Centre for Micro-Photonics, Faculty of Engineer-
ing and Industrial Sciences, Swinburne University of Technology, Hawthorn,
Vic., Australia, as a Postdoctoral Research Fellow. His current research interests
include gold-nanoparticle-enhanced cancer imaging and photothermal therapy.

Min Gu (SM’08) received the Ph.D. degree in optics from the Chinese Academy
of Sciences, Beijing, China, in 1988.

He currently is the Director of the Centre for Micro-Photonics, Faculty
of Engineering and Industrial Sciences, Swinburne University of Technology,
Hawthorn, Vic., Australia, where he is also the Pro Vice Chancellor for In-
ternational Research Collaborations, a University Distinguished Professor of
optoelectronics, and the Node Director of the Australian Research Council
Centre of Excellence for Ultrahigh-Bandwidth Devices for Optical Systems.
His research interests include nanophotonics and biophotonics with interna-
tionally renowned expertise in 3-D optical imaging theory. He is the author
of two standard reference books: Principles of Three-Dimensional Imaging in
Confocal Microscopes (World Scientific, 1996) and Advanced Optical Imaging
Theory (Springer-Verlag, 2000). He has authored or coauthored more than 550
papers (including 280 papers published in internationally refereed journals) on
photonic crystals, nanophotonics, micro-/nanofabrication, confocal microscopy,
laser tweezers, optoelectronic imaging through tissue-like turbid media, laser
trapping microscopy, 3-D optical data storage, and gold-nanoparticle-assisted
cancer photothermal therapy.

Prof. Gu is an Elected Fellow of the Australia Academy of Sciences, the
Australia Academy of Technological Sciences and Engineering, the Institute
of Physics (U.K.), the Australian Institute of Physics, the Optical Society of
America, and the International Society for Optical Engineering.


