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Abstract: It has been almost 4 decades since the “war on cancer” was declared. It is now
generally believed that personalized medicine is the future for cancer patient management.
Possessing unprecedented potential for early detection, accurate diagnosis, and personalized
treatment of cancer, nanoparticles have been extensively studied over the last decade. In this
review, we will summarize the current state-of-the-art of gold nanoparticles in biomedical
applications targeting cancer. Gold nanospheres, nanorods, nanoshells, nanocages, and surface
enhanced Raman scattering nanoparticles will be discussed in detail regarding their uses in in
vitro assays, ex vivo and in vivo imaging, cancer therapy, and drug delivery. Multifunctionality
is the key feature of nanoparticle-based agents. Targeting ligands, imaging labels, therapeutic
drugs, and other functionalities can all be integrated to allow for targeted molecular imaging
and molecular therapy of cancer. Big strides have been made and many proof-of-principle
studies have been successfully performed. The future looks brighter than ever yet many hurdles
remain to be conquered. A multifunctional platform based on gold nanoparticles, with multiple
receptor targeting, multimodality imaging, and multiple therapeutic entities, holds the promise
for a “magic gold bullet” against cancer.

Keywords: gold nanoparticles, cancer, nanotechnology, optical imaging, nanomedicine,
molecular therapy

Introduction

Cancer is the third leading cause of death (after heart disease and stroke) in developed
countries and the second leading cause of death (after heart disease) in the United
States (see http://www.cdc.gov). Studies have shown that there were 10 million new
cases, 6 million deaths, and 22 million people living with cancer worldwide in the
year 2000 (Parkin 2001). These numbers represent an increase of about 22% in inci-
dence and mortality from that of the year 1990 (Parkin et al 1999; Pisani et al 1999).
It is projected that the number of new cases of all cancers worldwide will be 12.3 and
15.4 million in the year 2010 and 2020, respectively (Parkin 2001). In 2008, a total
of 1,437,180 new cancer cases and 565,650 cancer deaths were estimated to occur in
the United States alone (Jemal et al 2008).

Nanotechnology, an interdisciplinary research field involving chemistry,
engineering, biology, and medicine, has great potential for early detection, accurate
diagnosis, and personalized treatment of cancer (Cai and Chen 2007). Nanoparticles
are typically smaller than several hundred nanometers in size, comparable to large
biological molecules such as enzymes, receptors, and antibodies. With the size of
about one hundred to ten thousand times smaller than human cells, these nanoparticles
can offer unprecedented interactions with biomolecules both on the surface of and
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inside the cells, which may revolutionize cancer diagnosis
and treatment. The most well-studied nanoparticles include
quantum dots (Cai et al 2006, 2007b), carbon nanotubes (Liu
et al 2007b), paramagnetic nanoparticles (Thorek et al 2006),
liposomes (Park et al 2004), gold nanoparticles (Huang et al
2007b), and many others (Ferrari 2005; Grodzinski et al
20006) (Figure 1).

Over the last decade, there have been many nanotechnol-
ogy centers established worldwide (Kawasaki and Player
2005; Horton and Khan 2006). In the United States alone,
more than six billion dollars have been invested in nano-
technology research and more than sixty centers, networks,
and facilities, funded by various agencies, are in operation
or soon to open (Thayer 2007). After establishing an inter-
disciplinary nanotechnology workforce, it is expected that
nanotechnology will mature into a clinically useful field in
the near future.

One of the major applications of nanotechnology is in
biomedicine. Nanoparticles can be engineered as nanoplat-
forms for effective and targeted delivery of drugs and imaging
labels by overcoming the many biological, biophysical, and
biomedical barriers. For in vitro and ex vivo applications,
the advantages of state-of-the-art nanodevices (eg, nanochips
and nanosensors) over traditional assay methods are obvious
(Grodzinski et al 2006; Sahoo et al 2007). However, several
barriers exist for in vivo applications in preclinical and
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Figure | Many nanoparticles have been investigated for biomedical applications
targeting cancer.

potentially clinical use of nanotechnology, among which are
the biocompatibility, in vivo kinetics, tumor targeting effi-
cacy, acute and chronic toxicity, ability to escape the reticu-
loendothelial system (RES), and cost-effectiveness (Cai and
Chen 2007, 2008). In this review, we will summarize the
current state-of-the-art of gold nanoparticles in biomedical
applications.

Synthesis of gold nanoparticles

There are many subtypes of gold nanoparticles based on the
size, shape, and physical properties (Figure 2). The earliest
studied gold nanoparticles are gold nanospheres (although not
exactly spherical in a strict sense). Subsequently, nanorods,
nanoshells, and nanocages have all been reported. Another
type of gold-based nanoparticles, with excellent surface-
enhanced Raman scattering properties (termed “SERS
nanoparticles”), will also be discussed in this review. In the
following text, the term “gold nanoparticle(s)” will refer to
a collection of all these subtypes and the subtype of gold
nanoparticles used in each study will be specified whenever
possible. With continued development in the synthesis
techniques over the last two decades, most of these gold
nanoparticles can now be produced with well-controlled
size distribution, sometimes with stunning precision
(eg, nanocages).

Gold nanospheres

Gold nanospheres (also known as gold colloids) of 2 nm to
over 100 nm in diameter can be synthesized by controlled
reduction of an aqueous HAuCl, solution using different
reducing agents under varying conditions. The most
commonly used reducing agent is citrate, which can produce
nearly monodisperse gold nanospheres (Turkevich et al 1951;
Frens 1973). The size of the nanospheres can be controlled
by varying the citrate/gold ratio. Generally, smaller amount
of citrate will yield larger nanospheres. The major limitations
of this method are the low yield and the restriction of using
water as the solvent.

A two-phase method, inspired by the two-phase system
used by Faraday in 1857, capable of producing thermally
and air stable gold nanospheres of reduced dispersity
and well-controlled size (usually <10 nm in diameter)
was reported in 1993 (Giersig and Mulvaney 1993). This
technique was later improved through the use of a phase-
transfer reagent such as tetraoctylammonium bromide (Brust
et al 1994). Again, the thiol/gold molar ratios can affect the
average size of the nanospheres. Larger thiol/gold ratios and
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Figure 2 Different types of gold nanoparticles.

faster addition of the reductant in cooled solutions will yield
smaller and more monodispersed gold nanospheres.
Several other methods have been investigated for gold
nanosphere synthesis such as the use of other reductants or
ligands (Leff et al 1996; Weare et al 2000; Hiramatsu and
Osterloh 2004). There are a number of literature reports on
the use of dendrimers as templates or stabilizers for gold
nanosphere preparation (Esumi et al 1998; Garcia et al 1999;
Manna et al 2001; Kim et al 2004; Scott et al 2005; Shi et al
2006, 2007b, 2008). Biocompatible block copolymers have
been employed for the synthesis of sterically stabilized gold
nanospheres in aqueous solution (Yuan et al 2006). The size
and shape of the gold nanospheres could be readily con-
trolled by tuning the synthesis parameters such as the block
composition, and the relative/absolute concentrations of the
block copolymer and HAuCl,. Growth of gold nanospheres
in human cells has also been reported (Anshup et al 2005).
Typically, gold nanospheres display a single absorption
peak in the visible range between 510 nm and 550 nm. With
increasing particle size, the absorption peak shifts to a longer
wavelength and the width of the absorption spectra is related
to the size distribution range. Many other types of gold
nanoparticles with different size/shape, such as nanorods,
nanoshells, and nanocages, have been explored to obtain
optical properties suitable for biomedical applications.

Gold nanorods

The synthesis of gold nanorods has been reported using
a wide variety of strategies. Gold nanorods are typically
synthesized using the template method, based on the electro-
chemical deposition of gold within the pores of nanoporous
polycarbonate or alumina template membranes (Martin 1994;
van der Zande et al 1997). The diameter of the gold nanorod
is determined by the pore diameter of the template membrane,
while the length of the nanorod can be controlled through the
amount of gold deposited within the pores of the membrane.
A fundamental disadvantage of this method is the low yield
since only one monolayer of nanorods is prepared. Formation
of gold nanorods through electrochemical synthesis has also
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been reported (Reetz and Helbig 1994; Yu et al 1997; Chang
et al 1999). In this approach, many experimental parameters
can determine the length of the nanorod thus affecting its
aspect ratio (defined as the length divided by the width).

Seed-mediated synthesis, perhaps the most well-
established method for gold nanorod preparation, can provide
higher aspect ratios than those prepared by other methods
(Jana et al 2001b; Busbee et al 2003). Usually gold seeds
are made by chemical reduction of a gold salt with a strong
reducing agent such as NaBH,. These seeds, serving as the
nucleation sites for nanorods, are then added to a growth
solution of gold salt with a weak reducing agent such as
ascorbic acid and hexadecyltrimethylammonium bromide.
The aspect ratios of the gold nanorods can be controlled by
varying the amount of gold seeds with respect to the gold
precursor. Moreover, gold nanorods can be produced in quan-
titative yield with the addition of AgNO, (Jana et al 2001a,
2002). Besides the methods mentioned above, several other
approaches have also been investigated for the fabrication of
gold nanorods, including bio-reduction (Canizal et al 2001),
growth on mica surface (Mieszawska and Zamborini 2005),
and photochemical synthesis (Kim et al 2002).

Gold nanoshells
Optical imaging, include those that uses gold nanopar-
ticles as the contrast agents, has very limited applications
in human studies. However, in the near-infrared region
(NIR; 700-900 nm), the absorbance of all biomolecules
reaches minimum which provides a relatively clear window
for optical imaging (Frangioni 2003). By varying the com-
position and dimensions of the layers, gold nanoshells can
be designed and fabricated with surface plasmon resonance
(SPR) peaks ranging from the visible to the NIR region
(Oldenburg et al 1999b). For a given composition of gold
nanoshell, the SPR peak can be tuned by changing the ratio
of the core size to its shell thickness.

Gold nanoshells with SPR peaks in the NIR region
can be prepared by coating silica or polymer beads with
gold shells of variable thickness (Caruso et al 2001;
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Oldenburg et al 1998). Silica cores are grown using the
Stdber process, the basic reduction of tetracthyl orthosilicate
in ethanol. To coat the silica nanoparticles with gold in an
aqueous environment, a seeded growth technique is typi-
cally used. Small gold nanospheres (2—4 nm in diameter)
can be attached to the silica core using an amine-terminated
silane as a liner molecule, allowing additional gold to be
reduced until the seed particles coalesced into a complete
shell (Oldenburg et al 1999a). The diameter of the gold
nanoshell is largely determined by the diameter of the silica
core, and the shell thickness can be controlled through the
amount of gold deposited on the surface of the core.

Gold nanoshells have also been synthesized via in situ
gold nanoparticle formation using thermosensitive core-shell
particles as the template (Suzuki and Kawaguchi 2005).
The use of microgel as the core offers significantly reduced
particle aggregation, as well as thickness control of the gold
nanoshells using electroless gold plating. In one study, a virus
scaffold has been used to assemble gold nanoshells (Radloff
et al 2005). This approach may potentially provide cores with
anarrower size distribution and smaller diameters (<80 nm)
than those of silica.

Gold nanocages

Gold nanocages with controllable pores on the surface have
been synthesized via galvanic replacement reaction between
truncated silver nanocubes and aqueous HAuCl, (Chen et al
20006). Silver nanostructures with controlled morphologies
can be generated through polyol reduction, where AgNO,; is
reduced by ethylene glycol to generate silver atoms and then
nanocrystals or seeds. Subsequent addition of silver atoms
to the seeds produces the desired nanostructures through
controlling the silver seed crystalline structures in the pres-
ence of poly(vinylpyrrolidone), a polymer that is capable of
selectively binding to the (100) surface. The silver nanostruc-
tures, used as a sacrificial template, can then be transformed
into gold nanostructures with hollow interiors via the galvanic
replacement (Chen et al 2005, 2006). The dimension and wall
thickness of the resultant gold nanocages could be readily
controlled, to very high precision, by adjusting the molar
ratio of silver to HAuCl,.

SERS nanoparticles

SERS is an optical technique that offers many advantages
over traditional technologies, such as fluorescence and
chemiluminescence, including better sensitivity, high levels
of multiplexing, robustness, and superior performance
in blood and other biological matrices (Sha et al 2007;

Hering et al 2008). In a pioneering report, gold nanospheres
(~13 nm in diameter) modified with Cy3-labeled, alkylthiol-
capped oligonucleotide strands were used as probes to moni-
tor the presence of specific target DNA strands (Cao et al
2002). The Cy3 group was chosen as the Raman label because
of its large Raman cross-section.

Subsequently, several other reports have also used SERS
nanoparticles. In one study, gold nanospheres (60 nm in
diameter) were encoded with a Raman reporter and stabi-
lized with a layer of thiolated polyethylene glycol (PEG)
(Qian et al 2008). Another type of SERS nanoparticle is
composed of a gold core, a Raman-active molecular layer,
and a silica coating (Keren et al 2008). The silica coating
can ensure physical robustness, inertness to various environ-
mental conditions, and simple surface modification via silica
chemistry. The thiol groups that were subsequently intro-
duced onto the silica shell can be conjugated with maleimide-
activated PEG chains for improved biocompatibility.

Applications of nanoparticles
Nanotechnology has been an extremely hot topic over
the last decade. A simple search of “Nano” in PubMed
returned more than 6000 publications. Two major areas of
nanoparticle applications are material science and biomedi-
cine. Big strides have been made in the material science
arena. The fact that electronics are getting faster, better,
and smaller each month is a clear and strong evidence for
such achievement. However, applications of nanoparticles
in the biomedical field have not fulfilled the expectations.
Very few nanoparticle-based agents are in clinical testing
or commercialized for cancer diagnosis or treatment, and
most of them are based on liposomes which were developed
several decades ago. There is still a long way to go before
nanotechnology can truly revolutionize patient care as
many have hoped it would. Next, we will summarize the
progress to date regarding the use of gold nanoparticles for
biomedical applications.

Biomedical applications of gold

nanoparticles

Cancer nanotechnology is an interdisciplinary area with
broad potential applications in fighting cancer, including
molecular imaging, molecular diagnosis, targeted therapy,
and bioinformatics. The continued development of cancer
nanotechnology holds the promise for personalized oncology
in which genetic and protein biomarkers can be used to diag-
nose and treat cancer based on the molecular profile of each
individual patient. Gold nanoparticles have been investigated
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in diverse areas such as in vitro assays, in vitro and in vivo
imaging, cancer therapy, and drug delivery.

In vitro assays

Oligonucleotide-capped gold nanoparticles have been
reported for polynucleotide or protein (such as p53, a tumor
suppressor gene) detection using various detection/charac-
terization methods such as atomic force microscopy (AFM)
(Han et al 2000; Jin et al 2007), gel electrophoresis (Qin and
Yung 2007), scanometric assay (Son and Lee 2007), chro-
nocoulometry (Zhang et al 2007), amplified voltammetric
detection (Wang et al 2008a), SPR imaging (Li et al 20006),
and Raman spectroscopy (Cao et al 2002). In some reports,
picomolar even femtomolar concentrations of DNA targets
have been detected. Bifunctional DNA-based adsorbate
molecules have been evaluated as molecular rulers, based
on the SERS signals that vary independently in intensity as
a function of the distance from the gold nanoshell surface
(Lal et al 2000).

Gold nanoparticles have also been employed for many
other applications such as immunoassay (Hirsch et al 2003a,
2005; Liu et al 2008), protein assay (Tang et al 2007), time-
of-flight secondary ion mass spectrometry (Kim et al 2006),
capillary electrophoresis (Tseng et al 2005), and detection
of cancer cells (Kah et al 2007; Medley et al 2008). In one
report, dynamic light scattering (DLS) enabled quantitative
estimation of the concentration of intravenously injected gold
nanoshells in mouse blood (Xie et al 2007). This technique
may also be applicable towards estimating the circula-
tion life time of other solid nanoparticles. Gold nanoshells
functionalized with a pH-sensitive SERS reporter molecule,
4-mercaptopyridine, were shown to be responsive to the pH of

X
I

the surrounding media within the range of 3 to 7 (Jensen et al
2007). Another study has evaluated the use of gold nanoshells
as optical biosensors for real-time detection of streptavidin-
biotin interactions in diluted human blood (Wang et al 2008b).
However, both the sensitivity (~3 pg/mL) and the dynamic
range (3—50 pg/mL) were very poor.

In many cases, literature reports have mixed findings. It
will be ideal if different assays can be compared side-by-side
using the same model system, which can significantly help
in deciding which assays are the best candidates for potential
clinical testing (Figure 3). The National Cancer Institute
(NCI) alliance for nanotechnology in cancer has required
each of'its funded centers to test their newly developed nano-
sensors using the same standard samples, which is expected
to readily identify which new sensors truly stand out from
the large pool of new molecular sensors. Extending a similar
standard to a much broader range of research labs across
the country would be highly beneficial to cancer patients.
Choosing the right candidate at an early stage not only saves
precious time, but also can dramatically reduce the cost for
new assay development.

Cell and phantom imaging

To date, most imaging studies using gold nanoparticles
were carried out in cell culture. The versatile optical prop-
erties of gold nanoparticles have enabled optical imaging
of cells and phantoms with a wide variety of contrast
mechanisms (Figure 4). Functional cellular imaging around
single molecules has been reported, taking advantage
of the enhanced second harmonic signal by antibody-
conjugated gold nanospheres (Peleg et al 1999). Subsequently,
many other studies have been reported which employed
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Figure 3 Gold nanoparticles have been modified with various molecules for in vitro assays.
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Figure 4 Gold nanoparticles have been investigated for cell and phantom imaging using various techniques. Adapted from Chen et al 2005; Yang et al 2005; de la Fuente et al

2006; Durr et al 2007; Li et al 2007a; Oyelere et al 2007. Scale bar: | mm.

photothermal interference contrast (Cognet et al 2003), AFM
(Yang et al 2005), dark-field imaging (Loo et al 2005a; Dunn
and Spudich 2007), reflectance imaging (Sokolov et al 2003;
Nitin et al 2007b), as well as fluorescence and scanning elec-
tron microscopy (de la Fuente et al 2006; Shi et al 2007a).

Two-photon luminescence imaging of cancer cells in
a 3D tissue phantom down to the 75 um depth has been
achieved using gold nanorods (Durr et al 2007). The signal
intensity from gold nanorod-labeled cancer cells was three
orders of magnitude brighter than the two-photon auto-
fluorescence emission from unlabeled cancer cells under
760 nm excitation. Fluorescent dyes have been conjugated
to gold nanoparticles for fluorescence imaging of cells, upon
additional modification with certain targeting ligands (Nitin
et al 2007a). The advantage of imaging the gold nanoparticle
itself is that there is no photobleaching or blinking, which
is inherent to many other fluorophores (Yao et al 2005;
Liet al 2007b). However, the disadvantage is that the optical
signal of gold nanoparticles may not be as strong as certain
fluorescent dyes or quantum dots.

Gold nanorods have been reported for cell imaging
using techniques such as dark field light SPR scattering

(Oyelere et al 2007) and photoacoustic imaging (Li et al
2007a). Photoacoustic tomography (PAT) is a hybrid imaging
modality that uses light to rapidly heat elements within the
tissue, which results in photoacoustic waves (generated by
thermoelastic expansion) that can be detected with an ultra-
sonic transducer. The use of NIR-absorbing gold nanopar-
ticles can significantly enhance the image contrast, due to
the more substantial differences in optical absorption (hence
stronger photoacoustic wave generation) than the endogenous
tissue chromophores. With photoacoustic imaging, multiple
molecular targets have been detected simultaneously using
different monoclonal antibodies conjugated to two types of
gold nanorod with different aspect ratios (which have peak
optical absorption at different wavelengths). Photoacoustic
flow cytometry was also developed for real-time detection of
circulating cells labeled with gold nanorods in the vasculature
of mouse ear (Zharov et al 2006a). The threshold sensitiv-
ity was estimated to be one cancer cell in the background
of 107 normal blood cells. However, the amount of gold
nanorods per tumor cell was not reported.
Nanoshell-enhanced optical coherence tomography
(OCT) has the potential for molecular imaging and improved
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detection of diseases (Low et al 2006). A study of OCT at
1310 nm in water and turbid tissue-simulating phantoms
with added nanoshells were carried out to determine the
sensitivity threshold for several nanoshell geometries
(Agrawal et al 2006). For the best nanoshell tested, which
has a core of 291 nm in diameter and a shell thickness of
25 nm, a concentration of 10° nanoshells/mL was needed
to produce a signal increase. Although such concentration
can be achieved theoretically under optimized conditions
(assuming that 1% of each cell’s surface can be covered by
nanoshells), in vivo targeted imaging would be extremely
challenging since nanoshells of such size may never extrava-
sate. Similar as nanoshells, gold nanocages (<40 nm in
dimension) with SPR peaks around 800 nm have also been
tested for OCT imaging of phantoms (Cang et al 2005; Chen
et al 2005). Bioconjugation with antibodies enabled specific
targeting of certain breast cancer cells (Chen et al 2005).
Cell and phantom imaging using gold nanoparticles
serves as a proof-of-principle for their potential applications
in live animals or cancer patients. It is unclear how these
gold nanoparticles compare to other nanoparticles suitable
for optical imaging, most notably quantum dots. Although
gold nanoparticles have lower toxicity than quantum dots
(Kirchner et al 2005; Hauck et al 2008), the optical char-
acteristics of quantum dots appear to be far more superior
in cell-based investigations (Michalet et al 2005; Cai et al
2007b). In vivo targeted cancer imaging using nanoparticles
has rarely been achieved (Sipkins et al 1998; Gao et al 2004;
Cai et al 2006, 2007a), and even fewer exhibited tumor
targeting efficacy that is sufficient for potential molecular
imaging or molecular therapy applications in the clinical
setting (Liu et al 2007b). Recently, in vivo imaging using
gold nanoparticles as contrast agents has been reported.

In vivo imaging
Many paramagnetic nanoparticles have been used for
magnetic resonance (MR) imaging, both preclinically and
clinically (de Roos et al 1988; Thorek et al 2006). Recently,
Au,Cu, nanoshells were reported to be capable of enhancing
the contrast of blood vessels in vivo, which suggested their
potential use in MR angiography as blood-pool agents
(Su et al 2007). However, due to the low sensitivity of MR
imaging, a dose-dependent toxic effect of the nanoshells was
observed: 17% of the mice died at a dose of 20 mg/kg.
Protease sensitive self-quenched and gold nanosphere
quenched probes were shown to enable visual monitoring
of the activities of both proteases and protease inhibitors in
vitro and in vivo (Lee et al 2008). This technique can also be

applied to other proteases by using the appropriate peptide
substrate as the spacer, as previously demonstrated by other
studies which took advantage of the self-quenching properties
of organic fluorescent dyes (Weissleder et al 1999; Bremer
et al 2001; Shah et al 2004; Jaffer et al 2007).

Raman spectroscopy is the most promising imaging
technique for gold nanoparticle-based contrast agents.
The Raman spectra and Raman images of methylene blue
molecules adsorbed as a single layer on gold nanospheres
were found useful for studying the plasmon properties
(Laurent et al 2005). Later, antibody conjugated gold nano-
rods were reported to give a Raman spectrum that is greatly
enhanced, sharpened, and polarized (Huang et al 2007a). In
these two reports, Raman imaging was tested in cells but
not in living subjects. Recently, two groups have indepen-
dently reported the in vivo targeted imaging of cancer using
Raman spectroscopy and SERS nanoparticles. In the first
report, it was shown that small molecule Raman reporters
(such as fluorescent dyes) were stabilized by thiolated PEG
and gave large optical enhancements (Qian et al 2008).
When conjugated to tumor-targeting ligands, the conjugated
SERS nanoparticles were able to target tumor markers such
as epidermal growth factor receptor (EGFR) on human
cancer cells and in xenograft tumor models. Interestingly,
although the Raman spectra of the SERS nanoparticles
were reported, the Raman image was not acquired for the
tumor-bearing mice.

In the other study, SERS nanoparticles composed of
a gold core, a Raman-active molecular layer, and a silica
coating was used for Raman imaging in vivo (Figure 5)
(Keren et al 2008). A minimum detection sensitivity of
8 picomolar of SERS nanoparticles was observed in a living
mouse. As a proof-of-principle, in vivo multiplexed imaging
of four different SERS nanoparticles was demonstrated.

Raman imaging holds significant potential as a strategy
for biomedical imaging of living subjects. However, one
has to keep in mind that optical imaging in mice can not be
directly scaled up to in vivo imaging in human applications
due to the limited tissue penetration of optical signal. In
clinical settings, optical imaging (including Raman spec-
troscopy) is only relevant for tissues close to the surface of
the skin (for example, breast imaging), tissues accessible by
endoscopy (such as the esophagus and colon), and intraop-
erative visualization (typically image guided surgery). NIR
optical imaging devices for detecting and diagnosing breast
cancer have been tested in patients and the initial results are
encouraging (Taroni et al 2004; Intes 2005). Multiple SERS
nanoparticles with different absorption wavelengths in the
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NIR region, which can allow for multiplexed imaging of
many tumor markers simultaneously if efficient targeting
can be achieved, may have significant potential clinical
applications. The imaging instruments used in these two
studies are noncommercial prototype systems. Much future
improvement in both the imaging system and fabrication/
modification of SERS nanoparticles will be needed before
Raman imaging can become a clinical reality.

Cancer therapy

Conventional strategies for cancer intervention include
surgery, chemotherapy, and radiation therapy. Taking
advantage of their unique properties, most studies of gold
nanoparticle-based cancer therapy have used photothermal
therapy for the destruction of cancer cells or tumor tissue,
which may be potentially useful in the clinical setting. When
irradiated with focused laser pulses of suitable wavelength,
targeted gold nanospheres, nanorods, nanoshells, and nano-
cages can kill bacteria (Zharov et al 2006b) and cancer
cells (Loo et al 2005b; Huang et al 2006a, 2006b, 2007c;
Chen et al 2007a; Tong et al 2007). It was estimated that

70-80 °C was achieved through light absorption by the gold
nanoparticles (Huang et al 2006b) and up to 150 antibodies
can be conjugated to a nanoshell through a bifunctional PEG
linker (Lowery et al 2006). One intriguing observation is
that most of these studies targeted either EGFR or human
epidermal growth factor receptor 2 (HER2), obviously due
to the ready availability of monoclonal antibodies (already
approved by the Food and Drug Administration [FDA] for
cancer therapy) that recognize these two proteins.

Since the absorbance wavelength (in the visible range)
of small gold nanospheres is not optimal for in vivo applica-
tions, the assembly of gold nanoclusters on the cell membrane
was investigated (Zharov et al 2005). It was found that the
formation of nanoclusters led to increased local absorption
and red-shifting, compared to cells that did not have nano-
clusters. Significant enhancement in laser-induced cancer cell
killing was observed using an NIR laser. Gold nanoshells
are sufficiently large (about 100-300 nm in diameter) to
have SPR peaks in the NIR region. In one pioneering study,
human breast carcinoma cells incubated with gold nanoshells
were found to undergo photothermally induced morbidity
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upon exposure to NIR light (Figure 6) (Hirsch et al 2003b).
In vivo testing revealed that exposure to low dose NIR light
in solid tumors treated with gold nanoshells resulted in
significant average temperature increase, capable of inducing
irreversible tissue damage, while the controls (not treated
with nanoshells) exhibited much lower average temperature
when exposed to NIR light and appeared undamaged (Hirsch
et al 2003b).

In a recent report, it was suggested that 5000 gold
nanoshells per prostate cancer cell was needed to achieve
cell kill (Stern et al 2007). PEG-coated nanoshells with peak
absorption in the NIR region were intravenously injected
into tumor-bearing nude mice (O’Neal et al 2004; Stern et al
2008). In one study, all tumors treated with the NIR laser were
ablated and the mice appeared tumor free for several months
while tumors in control animals (NIR laser treatment without
nanoshell injection) continued to grow. In another study,
93% of tumor necrosis and regression was observed in a high
dose nanoshell (8.5 uL/g) treated group (Stern et al 2008).
Surprisingly, a slightly lower nanoshell dose (7.0 uL/g)
only resulted in tumor growth arrest at 21 days but not

tumor ablation. The reason why such a subtle difference in
nanoshell dose could cause dramatically different therapeutic
efficacy deserves careful investigation. It is worth noting that
all these in vivo cancer therapy studies only involve passive
tumor targeting but not specific molecular targeting. Passive
tumor targeting is due to the non-specific accumulation of the
nanoshells in the tumor, termed “the enhanced permeability
and retention (EPR) effect”, since the tumor vasculature is
usually more leaky than normal blood vessels and there is no
lymphatic drainage in the tumor (Maeda et al 2000).

The recruitment of monocytes into hypoxic regions within
tumors has been exploited for photo-induced cell killing with
gold nanoshells (Choi et al 2007). Besides photothermal
therapy, gold nanoparticles have also been investigated in
other therapeutic studies. Phthalocyanine (a photosensitizer)
stabilized gold nanospheres (2—4 nm in diameter) have been
reported for photodynamic therapy of cultured tumor cells
(Wieder et al 2006). Gold nanoparticles have been shown to
enhance the antiproliferation and apoptosis of human hepa-
toma cells induced by Paclitaxel, a chemotherapeutic drug
(Weiet al 2007). A recent study has shown that enhancement
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Figure 6 Gold nanoshells can destroy cancer cells both in vitro and in vivo. a. Cells incubated with gold nanoshells can be killed by NIR light (dark area). b. Temporal plots of
maximum temperature change of NIR-irradiated tumors with and without nanoshells at depths of 2.5 mm and 7.3 mm beneath the tissue surface. c. Gross pathology after in
vivo treatment with nanoshells and NIR laser revealed hemorrhaging and loss of tissue birefringence beneath the apical tissue surface. Hematoxylin/eosin (H&E) staining within
the same plane confirms tissue damage within the area that contains nanoshells. Copyright © 2008, PNAS. Adapted with permission from Hirsch LR, Stafford R}, Bankson JA,
et al. 2003b. Nanoshell-mediated near-infrared thermal therapy of tumors under magnetic resonance guidance. Proc Natl Acad Sci U S A, 100:13549-54.
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of radiosensitivity can be achieved due to the increased
absorption of ionizing radiation by the gold nanoparticles,
which in turn caused breaks in single- and double-stranded
DNA (Zheng et al 2008). Although it was proposed that
targeting the DNA of cancer cells with gold nanoparticles
may offer a novel approach that is generally applicable to
external beam radiotherapy treatments, achieving DNA
targeting in vivo is extremely difficult.

Drug delivery

Several studies have reported the use of gold nanoparticle
as drug delivery vehicles. Tumor necrosis factor-alpha
(TNF-av), a cytokine with excellent anticancer efficacy, is
systemically toxic which severely limited its therapeutic
applications (van Horssen et al 2006; Mocellin and Nitti
2008). A nanoparticle delivery system, consisting of PEG
coated gold nanoparticle loaded with TNF-o, was constructed
to maximize the tumor damage and minimize the systemic
toxicity of TNF-ot (Visaria et al 2006). Combination of local
heating and nanoparticle-based delivery of TNF-a resulted
in enhanced therapeutic efficacy than either treatment alone.
Thermally-induced tumor growth delay was enhanced by
pretreatment with the nanoparticle, when given intravenously
at the proper dosage and timing. Tumor blood flow suppres-
sion, as well as tumor perfusion defects, suggested vascular
damage-mediated tumor cell killing. Surprisingly, following
intravenous administration, little to no accumulation in the
RES (eg, liver and spleen) or other healthy organs of the
animals was observed (Paciotti et al 2004). Subsequently,
this nanoparticle conjugate has also been used to destroy
the tumor within an iceball, again without significant sys-
temic toxicity (Goel et al 2007). Phase I clinical trials of
this conjugate, subsequently termed “CYT-6091" (Visaria
etal 2007), are currently ongoing to evaluate its safety,
pharmacokinetics, and clinical efficacy.

Methotrexate (MTX), an inhibitor of dihydrofolate
reductase, is a chemotherapeutic agent for treating a variety
of cancers types (Huennekens 1994). MTX-gold nanopar-
ticle conjugate was prepared and the cytotoxic/antitumor
effect was examined in vitro and in vivo (Chen et al 2007b).
Administration of the conjugate suppressed tumor growth in
a mouse model of Lewis lung carcinoma, whereas an equal
dose of free MTX had no antitumor effect.

Nanoshells have been tested for drug delivery. In one
early study, composites of hydrogels and gold nanoshells
were developed for photothermally-modulated drug delivery
(Sershen et al 2000). Irradiation at 1064 nm was absorbed
by the nanoshells and converted to heat, which led to the

collapse of the hydrogel thus significantly enhancing the drug
release. Subsequently, modulated drug delivery of methylene
blue, insulin, and lysozyme was achieved by irradiation of
the drug-loaded nanoshell-hydrogel composites, with the
drug release rate dependent upon the molecular weight of
the therapeutic molecule (Bikram et al 2007). Hollow gold
nanoshells can also encapsulate enzymes such as horserad-
ish peroxidase (HRP), which remained active inside the
nanoshells for small, but not large, substrate molecules
(Kumar et al 2005). Not surprisingly, HRP did not show any
activity when trapped inside solid gold nanoparticles.

Drug delivery using gold nanoparticles, in combination
with their intrinsic capability for photothermal therapy,
should be explored in the future. Currently, which type of
gold nanoparticle is the most suitable for drug delivery appli-
cations is still debatable. It was found that the intracellular
uptake of different sized and shaped gold nanoparticles are
highly dependent upon their physical dimensions (Chithrani
et al 2006). The absorption/scattering efficiency and optical
resonance wavelengths have been calculated for three
commonly used classes of gold nanoparticles: nanospheres,
nanoshells, and nanorods (Jain et al 2006a). The narrow range
in the SPR peaks of nanospheres (~520-550 nm) resulted in
very limited use for in vivo applications. The SPR peaks of
gold nanoshells lie favorably in the NIR region. The total
extinction of nanoshells has a linear dependence on the over-
all size, however independent of the core/shell radius ratio.
The relative scattering contribution to the extinction can be
rapidly increased by increasing the nanoshell size or decreas-
ing the ratio of the core/shell radius. Gold nanorods were
found to have comparable optical properties at much smaller
effective size, with absorption and scattering coefficients
an order of magnitude higher than those for nanoshells and
nanospheres. While nanorod with a higher aspect ratio and a
smaller effective radius is a better photoabsorbing nanopar-
ticle suitable for therapeutic applications, that with a larger
effective radius is more favorable for imaging purposes.

Studies have shown that femtosecond pulse excitation
(at 400 nm wavelength) of DNA-modified nanoparticles
can lead to desorption of the thiolated DNA strands from the
nanoparticle surface by breaking the gold-sulfur bond (Jain
et al 2006b). This property could be exploited in the future
for controlled drug release. The stability of gold nanoparticle
bioconjugates in high ionic strength media has been char-
acterized as a function of the nanoparticle size, PEG length,
and the monolayer composition (Liu et al 2007a). It was
found that nanoparticle stability increased with increasing
PEG length, decreasing nanoparticle diameter, and increasing
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PEG mole fraction. Importantly, gold nanoparticles modified
with PEG chains of molecular weight (MW) 5000 were
internalized as efficiently as analogous conjugates with PEG
chains of MW 900. Based on this finding, gold nanoparticles
functionalized with optimal-sized PEG chains (at least of
MW 5000 to efficiently bypass the RES), with circulation
half-life of at least a few hours, may be the most efficacious
for cancer therapy.

In order to make gold nanoparticles more useful for drug
delivery and other biomedical applications (imaging and
therapy), they need to be effectively, specifically, and reliably
directed to a specific organ or disease site without alteration.
Specific targeting in vivo has not been achieved for gold
nanoparticle-base drug delivery, due to the relatively large
overall size of the conjugate (typically more than 50 nm in
diameter) which prohibits efficient extravasation. Although
utilization of passive targeting only has been shown to be
efficacious in certain xenograft subcutaneous tumor models,
they may not truly reflect the clinical situation. Transgenic
and orthotopic tumor models are more clinically relevant
and these tumors typically have much less leaky vasculature
than subcutaneous ones, which will make passive targeting
unsuitable for either cancer imaging or therapy. Molecular
cancer markers over-expressed on the tumor vasculature may
be the targets of choice.

Summary and outlook

Multifunctionality is the key advantage of nanoparticles over
traditional approaches. Targeting ligands, imaging labels,
therapeutic drugs, and many other functional moieties can
all be integrated into the nanoparticle conjugate to allow
for targeted molecular imaging and molecular therapy of

cancer. Gold nanoparticle is unique in a sense because of its
intriguing optical properties which can be exploited for both
imaging and therapeutic applications (Figure 7). The future
of nanomedicine lies in multifunctional nanoplatforms which
combine both therapeutic components and multimodality
imaging. The ultimate goal is that nanoparticle-based agents
can allow for efficient, specific in vivo delivery of drugs
without systemic toxicity, and the dose delivered as well as
the therapeutic efficacy can be accurately measured nonin-
vasively over time. Much remains to be done before this can
be a clinical reality and many factors need to be optimized
simultaneously for the best clinical outcome.

The most promising applications of nanoparticle-
based agents will be in cardiovascular medicine, where
there is much less biological barrier for efficient delivery
of nanoparticles, and in oncology, where the leaky tumor
vasculature can allow for better tissue penetration than in
normal organs/tissues. We have found that quantum dots do
not extravasate from the tumor vasculature after intravenous
injection (Cai et al 2006, 2007a). Given the fact that the gold
nanoparticles are mostly much larger than quantum dots
(>50 nm vs <25 nm), it is likely that gold nanoparticles do
not extravasate either. Since photothermal tumor ablation
is useful only when the nanoparticles are sufficiently large
(~100 nm in diameter), small gold nanopheres (<10 nm) are
not ideal for this goal. However, smaller particles may allow
for much better extravasation hence better tumor targeting
efficacy. Nonetheless, for both large and small gold nanopar-
ticles, vasculature targeting is perhaps the only route that is
likely to succeed in the clinic.

Optical imaging using gold nanoparticles has very
limited clinical future. Among all imaging modalities, no

Ex vivo and in vivo imaging
( eg reflectance, OCT, PAT, Raman)

1T

In vitro assays
eg DNA, immunoassay

—

Gold nanoparticles
sphere, rod, shell, cage, SERS

Drug delivery
eg TNF-o, MTX

=

U

Cancer therapy
eg photothermal, radio/photo sensitizer

Figure 7 The versatile properties of gold nanoparticles have been employed for biomedical applications in many areas.

Nanotechnology, Science and Applications 2008:1

27



Cai et al

single modality is perfect and sufficient to obtain all the
necessary information for a particular question (Massoud
and Gambhir 2003). For example, it is difficult to accurately
quantify optical signal in living subjects, particularly in deep
tissues; Radionuclide-based imaging techniques (eg, positron
emission tomography [PET]), are very sensitive and highly
quantitative but they have relatively poor spatial resolution.
Combination of certain imaging modalities can offer syner-
gistic advantages over any single modality alone (Cai and
Chen 2007, 2008). Dual-modality agents that combine PET,
which is very sensitive and highly quantitative (Phelps 2000),
and optical imaging, which can significantly facilitate ex vivo
validation of the in vivo data, should be of particular interest
for future biomedical research. The relatively large size of
the gold nanoparticle may potentially allow for simultane-
ous multiple receptor binding of the targeting ligands on
the same particle. Thus, targeting multiple closely-related

Drug 1

NIR

Targeting
ligand 1

Gold
nanoparticle

receptors simultaneously may be efficacious for targeted
cancer imaging/therapy, with both improved sensitivity
and better specificity. We envision that peptides or small
molecules are better targeting ligands than antibodies for
nanoparticle conjugation, not only to keep the overall size
small but also to fully take advantage of the polyvalency
effect (Mammen et al 1998) since significantly more small
molecules (MW < 1,000) can be attached to a nanopar-
ticle than the macromolecular antibodies (MW ~ 150,000).
A multifunctional platform based on gold nanoparticles
(“mix-and-match” with suitably selected components for
each individual application) may provide the ultimate “magic
gold bullet” for cancer intervention (Figure 8).
Nanoparticle-based ex vivo sensors and in vivo imaging
are both critical for future optimization of cancer patient
management. Ex vivo diagnostics (using blood samples
drawn before, during, and after treatment) in combination

PET
isotope

Targeting
ligand 2

Polymer
coating

Optical probe

Figure 8 A multifunctional gold nanoparticle-based platform incorporating multiple receptor targeting, multimodality imaging,and multiple therapeutic entities. Not all functional
moieties will be necessary and only suitably selected components are needed for each individual application.
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with in vivo diagnostics (noninvasive imaging before, during,
and after treatment) can provide a synergistic approach that
neither strategy alone can offer. Upon further development
and validation, nanoparticle-based approaches (both ex vivo
nanosensors and in vivo imaging) will eventually be able
to predict which patients will likely respond to a specific
molecular therapy and monitor their responses to personal-
ized therapy. With the capacity to provide enormous sensi-
tivity, throughput, and flexibility, nanotechnology has the
potential to profoundly impact cancer diagnosis and patient
management in the near future. Big strides have been made
and many proof-of-principle studies have been successfully
performed, the future looks brighter than ever yet many
hurdles remain to be conquered.
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