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Abstract

Rod-shaped gold nanoparticles (‘nanorods’) have recently attracted widespread atten-
tion due to their unique optical properties and facile synthesis. In particular, they can
support a longitudinal surface plasmon, which results in suspensions of them having
a strong extinction peak in the upper visible or near-infrared parts of the spectrum.
The position of this peak can be readily tuned by controlling the shape of the rods.
In addition, the surface of the nanorods can be functionalized by a very wide variety
of molecules. This has led to interest in their use as selective biomarkers in biodiag-
nostics or for selective targeting in photothermal thearapeutics. Here, we review the
recent advances in the use of gold nanorods in these applications. Additionally, the
information available regarding their biocompatibility is discussed.

Introduction

Nanoparticles of gold offer a number of properties which make them suitable for use
in biological applications. In particular they have a strong optical extinction peak
that can be varied by control of particle morphology, they are ‘electron dense’ and
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radiopaque, their surface chemistry allows for easy attachment of organic molecules
tailored to specific needs, and they manifest a low level of toxicity when introduced
into biological systems. In addition, current interest in nanotechnology has stimu-
lated a number of studies on the use of a variety of shapes of gold nanoparticles in
biological applications. The morphologies of interest include nanospheres, nanoshells,
nanocages, and nanorods (Daniel and Astruc, 2004; Dietricha ef al., 2005; Hirsch et
al.,2003; Kelly et al., 2003; Liao and Hafner, 2005; Pissuwan et al., 2006; Skrabalak
etal.,2007; Wu et al., 2005). Nanoparticles of these shapes can be produced by wet
chemical means, or by physical vapour deposition onto a suitable template.

Interest in gold nanorods, in particular, has recently soared, both because their
optical properties are well-matched for exploitation in diagnostic and therapeutic
applications, and because of significant improvements to the wet chemical process by
which they can be produced (Jana et al., 2001; Perez-Juste et al., 2004). Background
information on gold nanorods is available in some excellent reviews (Murphy et al.,
2005; Perez-Juste et al., 2005); here we will provide only the information essential to
appreciate the possible role of these particles in biotechnological applications.

The rod-like shape of these gold nanoparticles causes them to have a strong surface
plasmon absorption and, if they are big enough, an enhanced capability to scatter light.
The first attribute is useful in the development of a selective therapeutic agent and the
second for imaging and diagnostics. Actually, gold nanorods have two surface plas-
mon resonance modes: transverse and longitudinal. The transverse surface plasmon
resonance, which is due to an electronic oscillation across the width of the rod, is
effectively of the same nature as the plasmon resonance of simple gold nanospheres.
It peaks at about ~520 nm (i.e. at the wavelength of green light) and is comparatively
weak. However, the longitudinal mode provides a much larger extinction coefficient
and is due to oscillation of electrons in the long direction of the rod. It occurs at
longer wavelengths than the transverse resonance (i.e. it is ‘red-shifted’ relative to
the transverse mode) (Kelly ez al., 2003). When compared with other shapes of gold
nanoparticles such as nanoshells and nanospheres, gold nanorods also provide supe-
rior competence of light absorption at their longitudinal plasmon resonance (Harris
et al., 2008; Jain et al., 2006).

The wavelength of light at which the longitudinal resonance occurs is controlled
for the most part by the aspect ratio of the rods (Figure 1), and gold nanorods can
now be synthesized in aspect ratios of up to 20:1 (Kim et al., 2002; Murphy et al.,
2005; Perez-Juste et al., 2005), although yields drop off steeply as the aspect ratio
increases above 4:1. The minimum absorption of light in most human tissue occurs
between wavelengths of 700 nm and 900 nm, a feature sometimes referred to as
the NIR tissue ‘window’ (Simpson et al., 1998; Weissleder, 2001). Therefore, gold
nanorods with aspect ratios of between 3:1 and 4:1, which have a peak extinction in
this ‘window’, should be useful for in vivo therapy since their use would minimize
the risk of damage to healthy cells from light extinction by intrinsic chromophores.
The present review focuses on the diverse ways in which these properties of gold
nanorods are being explored in a biological context, especially in respect of diagnostic
and therapeutic applications.
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Figure 1. Calculated optical extinctions of typically-sized gold nanorods of varying aspect ratios in water.
The volume of these rods is fixed at 33,500 nm3. Reproduced with permission from Advanced Functional
Materials (Xu and Cortie, 2006); copyright Wiley-VCH Verlag GmbH&Co. KGaA.

Gold nanorods in diagnosis

Living cells contain various substances that can absorb light. These include haemo-
globin, oxy-haemoglobin, melanin and water. Additionally, tissue scattering of light
also results from the cell membrane and intracellular structures such as the nucleus
and mitochondria. Optical imaging techniques designed to visualize tissue utilise this
ability of tissue to absorb and scatter light. The contrast that results between different
tissue types allows for their identification, as well as discrimination between patho-
logical and non-pathological tissue. However, endogenous tissue contrast and light
interaction with tissue are often inadequate or not specific to a pathology, therefore
there is a need to use contrast agents in order to optimize tissue visualization (Raya-
varapu et al., 2007; Richards-Kortum and Sevick-Muraca, 1996). Gold nanoparticles
with strong light absorption and scattering can be used as imaging labels and con-
trast agents for biomedical diagnosis. This is particularly true of gold nanorods, the
optical absorption efficiencies of which are 20 times or more greater than for gold
nanospheres of the same volume (Copland et al., 2004). Scattering coefficients per
micron of gold nanorods are also an order of magnitude higher compared to those
of nanoshells and nanospheres (Jain ez al., 2006). In addition, gold nanorods have a
strong binding affinity to thiol groups allowing them to be efficiently conjugated with
numerous bio-molecules after stabilizing with ethylene glycol (Liao and Hafner, 2005)
or polystyrene spheres (Huang et al., 2007a). Functionalization of the gold nanorods
with antibodies (Pissuwan et al., 2007b) or other biomolecules (Copland ef al., 2004;
Huff et al., 2007b) allows their specific attachment to any target cell. This is a useful
attribute for biomedical diagnostic applications.

GOLD NANORODS AS DIAGNOSTIC MARKERS FOR IMAGING

Optical imaging technologies have been used in the diagnosis of diseases such as
cancer. The results can be enhanced if some highly visible marker molecule or na-
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noparticle is available that will attach selectively to a characteristic cellular feature
of the disease. Some organic fluorophores have been used in this role but there are
problems due to interference caused by, for example, photodecomposition by the
intense illuminating light in fluorescence microscopy and sensitivity to quenchers
(Yguerabide and Y guerabide, 1998). More recently, the use of quantum dots has been
explored for cell imaging. These are resistant to the photobleaching which normally
occurs with conventional fluorescent dyes (Chan and Nie, 1998). However, quantum
dots have been shown to be cytotoxic, both in vitro and in vivo, and therefore careful
consideration of their use in humans is necessary (Hardman, 2006).

In contrast, gold nanorods are biocompatible (see later), do not suffer from pho-
tobleaching or decomposition, and are highly visible in both optical and electron
microscopy. They are therefore also a candidate for use in diagnosis. For example,
Huang et al. (Huang et al., 2007a) functionalised gold nanorods by conjugating them
with monoclonal anti-epidermal growth factor receptor antibodies (anti-EGFR). EGFR
is known to be over-expressed in many malignant epithelial tumour cells. The anti-
EGFR gold conjugations were incubated with a normal skin cell line and an oral cancer
cell line. The cancer cells were brightly stained under dark field mode microscopy
(Figure 2) due to the strong scattering of red light by the bound gold nanorod-anti
EGFR conjugates located on their surfaces. This type of staining represents a new
method by which to identify cancer cells. Huang et al. also used Raman spectroscopy
and found that bioconjugated gold nanorods attached to the cancer cells showed a
greatly enhanced Raman spectrum, due evidently to an amplification of the Raman
effect by the closely packed nanorods present on the cancer cells. Other instances of
cell imaging that exploit gold nanorods have also been reported (Huang et al., 2006;
Rayavarapu ef al., 2007).
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Figure 2. Normal cells (A) and cancer cells (B) labelled with gold nanorod-anti-EGFR antibody conju-
gates, viewed using dark field optical imaging. Reprinted with permission from Nano Letters (Huang et
al., 2007a) ©2007 American Chemical Society.

In addition, gold nanorods have been used as photoluminescence agents owing to
their efficient two-photon enhanced luminescence which is extremely bright compared
to the two-photon fluorescence achieved from single dye molecules. (Wang et al.,
2005). Recent work using gold nanorods as a bright contrast agent for two-photon
luminescence imaging to detect cancer cells located in deep tissue has been carried
out by Durr and colleagues (Durr et al., 2007).
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Optoacoustic or photoacoustic tomography is another new technique used for imag-
ing cells and deep tissue and the use of gold nanorods can improve the results here too.
This form of tomography employs a combination of optical illumination and ultrasonic
detection. Irradiation of the tissue with a strong laser pulse of very short duration
will produce a sudden and localized increase in temperature around optically absorp-
tive regions. There is an associated acoustic pulse generated by the sudden thermal
expansion of the material effected, which can be detected by appropriate ultrasonic
technology. This can in turn be used to reconstruct a 3D acoustic image (Andreev et
al., 2003; Haisch and Niessner, 2002). Characteristic endogenous variations in opti-
cal contrast around a tumour (Salomatina et al., 2006) due, for example, to abnormal
vascular development, might be sufficient to produce an image, however detection
of malignant tumours in regions such as the breast requires high resolution and high
contrast imaging with specific molecular labelling of the cancer cells in order for their
detection in situ. This can reportedly be achieved using optoacoustic tomography
(Copland et al., 2004) but results can be improved and earlier detection achieved by
using an exogenous contrast agent such as gold nanospheres (Copland et al., 2004;
Mallidi et al., 2007). Of course, it is necessary that a means be found of selectively
concentrating the gold particles in the target tissue.

Gold nanospheres are strong and biocompatible absorbers, with four to six orders of
magnitude stronger absorption compared to conventional fluorescent markers (Zharov
etal.,2006). Unfortunately, their peak absorption is in the mid-visible region of light,
and outside of the tissue window (Cerussi et al., 2001; Eghtedari et al., 2007). There-
fore they are not the most suitable contrast enhancing agent for in vivo optoacoustic
imaging. Gold nanorods, on the other hand, can now be readily synthesized with peak
absorption in the tissue window and so there is currently keen interest in their use in
optoacoustic tomography. For example, Li and colleagues (Li et al., 2007) used a
mixture of gold nanorods of two different aspect ratios (3.7 and 5.9, with longitudinal
plasmon modes at 785 and 1000 nm respectively) for the early detection of cancer
cells by optoacoustic imaging (Figure 3). Two monoclonal antibodies, anti-HER2
and anti-CXCR4, were separately conjugated to the short and long gold nanorods
respectively. Laser irradiation at a wavelength tuned to the longitudinal plasmon
resonance of one or other of the two kinds of nanorods allowed selective imaging of
two different sites in the same sample. In another study, Kim and colleagues (Kim et
al., 2007) conjugated cell-specific antibodies to gold nanorods modified with poly-
acrylic acid. The optoacoustic image of stimulated cells with bound bioconjugated
gold nanorods showed a significantly higher intensity compared to unstimulated cells
(Figure 4). These results also confirm that gold nanorods can be excellent contrast
agents for the in vitro detection of early stage inflammatory responses.

In vivo detection of gold nanorods using a laser optoacoustic imaging system
also has been studied. A 25 ul suspension of PSS-coated gold nanorods at 1.25 pM
Au was injected into the lower abdominal region of a mouse. A laser optoacoustic
imaging system was used to generate an image of the distribution of gold nanorods
in vivo. Under optoacoustic imaging a mouse that had been injected with gold nano-
rods displayed bright features at the injected areca because of the high optical contrast
between gold nanorods and normal tissues. In contrast, little detail was visible in an
optoacoustic image of a non-injected mouse (Eghtedari ef al., 2007). Once again the
conclusion was drawn that the use of suitably functionalized gold nanorods would
permit the detection of target cells in vivo.
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Figure 3. Diagram illustrating the process of optoacoustic imaging and ultrasound employing gold nanorods.
Redrawn with permission from Optics Express (Mallidi et al., 2007).
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Figure 4. Photoacoustic images of stimulated and non-stimulated endothelial cells. The top images are
stimulated endothelial cells. The bottom images are non-stimulated endothelial cells. Cells with gold
nanorod-antibody conjugates are shown in (a) and (b). Cells with unconjugated gold nanorods are shown
in (¢) and (d). Fluorescent images of stimulated and non-stimulated endothelial cells are shown as (e) and
(f) respectively. Reprinted with permission from Applied Physics Letters (Kim et al., 2007).

GOLD NANORODS IN IMMUNOASSAY AND BIOSENSING APPLICATIONS

Gold nanorods have also been incorporated into immunoassays and biosensors for
molecular diagnostics. Detection of human IgG (hIgG) has been carried out using a
dot-immunogold assay, where gold nanorods have been conjugated with protein that
binds to hIgG. A blue- grey spot developed on the membrane after incubation with the
bioconjugated gold nanorods, due to the interaction between hIgG molecules on the
membrane and the bioconjugated gold nanorods (Alekseeva et al., 2005). In another
example, Liand co-workers studied the fluorescence properties of gold nanorods. They
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found that gold nanorods of high aspect ratio offer a higher fluorescence intensity. This
property will encourage the development of techniques using gold nanorods in fluo-
rescent probe microarray assays and optical biosensor applications for DNA analysis
(Li et al., 2005). In a related vein, El-Sayed and co-workers (Oyelere et al., 2007)
have shown that gold nanorods could be used as optical sensors for Raman-based
intracellular biosensing. Gold nanorods were conjugated to a simian virus nuclear
localisation sequence (NLS) peptide via a linker of thioalkyl-triazole resulting in a
gold nanorod-peptide conjugate. The conjugates were incubated with normal cells
and cancer cells. The measured Raman signals were found to be different for cancer
cells and normal cells, with some additional peaks observed in the case of the cancer
cells. The differences between these spectra might be useful for cancer diagnosis and
other diagnostic biomedical applications (Oyelere et al., 2007).

There have also been developments in respect of using gold nanorods in refracto-
metric biomolecular sensors. For example, Chen and colleagues (Chen et al., 2007)
have shown the potential of such a sensor by studying how the optical properties of a
glass slide coated with gold nanorods varies with the refractive index of the surround-
ing medium. They found that gold nanorods offer much higher sensitivity (366 nm
per refractive index unit) than gold nanospheres (76.4 nm per refractive index unit)
(Chen et al., 2007; Nath and Chilkoti, 2002). They also studied the response of the
longitudinal surface plasmon band of gold nanorod/biotin conjugates to streptavidin
at different concentrations, and showed that the wavelength at which the optical
extinction peaks shifts linearly as the concentration of the streptavidin is changed.
In another recent paper, Yu and Irudayaraj provided a demonstration of using gold
nanorods as a biosensor for detecting multiple biological targets. Three different as-
pect ratios of gold nanorods were used, each targeted to a specific biomolecule (Yu
and Irudayaraj, 2007). These studies indicate that the longitudinal surface plasmon
mode of gold nanorods provides a basis on which efficacious refractometric biosen-
sors could be developed.

Gold nanorods in therapeutic applications

GOLD NANORODS IN GENE DELIVERY

Gene delivery is a type of therapy for treating and controlling diseases in which a
viral or nonviral vector is used to transport foreign genes into somatic cells to incre-
ment defective genes there or provide supplementary biological functions (Luo and
Saltzman, 2000; Roy et al., 1999; Salem et al., 2003). However, the methodology
for DNA delivery by viral vector-mediated systems has some disadvantages. These
include issues relating to toxicity, limited targeting of specific cell types and DNA
carrying capacity, inability of viral vector to infect non-dividing cells, and problems
of production and packing (Crystal, 1995; Luo and Saltzman, 2000; Rayavarapu et al.,
2007; Zhang and Godbey, 2006). Nonviral delivery systems, which include chemi-
cal and physical methods, provide several potential benefits and have low toxicity
compared with viral delivery systems. Therefore, nonviral delivery systems have
become attractive in research laboratories and clinical practice (Luo and Saltzman,
2000). However, these methods have been limited by poor specific targeting and low
transfection efficiency due to the difficulty of controlling the processes at the nanoscale
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(Mehier-Humberta and Guy, 2005; Salem et al., 2003). Gene gun technology or the
particle bombardment method is one of the non-viral techniques used to insert DNA
plasmid into target cells by using an accelerated particle carrier. This technology has
been considered to be the most competent DNA vaccination method in terms of the
number of plasmids needed (Mehier-Humberta and Guy, 2005). Gold nanoparticles
can be used in conjunction with gene gun technology on account of their chemical
and physical properties. DNA-coated gold particles have been used for intradermal
genetic immunization by particle bombardment (Yang and Sun, 1995). Neverthe-
less, there are some limitations to this approach including the relatively low DNA
binding capacity of the gold nanoparticles and the shallow depth of their penetration
(Rabussay et al., 2003).

Salem and colleagues (Salem et al., 2003) have described the use of multifunctional
nanorods for gene delivery. In their work, gold-nickel nanorods were fabricated by
electrodeposition into porous alumina membranes. Nanorods were functionalized with
the linker molecule 3-[(2-aminoethyl) dithio] propionic acid resulting in the carboxy-
late end-group binding to the nickel segment of nanorod particle. This enabled the
binding of DNA onto the nickel segment. The protein transferrin was then coupled
to the gold segment of particle. This protein was used in order to encourage cellular
uptake of the particle via a receptor-mediated pathway. An in vitro transfection ex-
periment of the human embryonic kidney mammalian cell line (HEK293) with genes
encoding the green fluorescent protein (GFP) and luciferase reporting were carried
out using these nanorods. The uptake of gold-nickel nanorods by HEK293 cells into
intracellular vesicles or cytoplasm were confirmed by transmission electron micros-
copy. This indicates that the plasmids were released or cleaved from the gold-nickel
nanorods before entering to the nucleus. A schematic diagram of the transfection
process using gold-nickel nanorods is shown in Figure 5. The percentage of HEK293
cells expressing GFP and luciferase was higher after application of the gold-nickel
nanorod transfection process than in control samples of HEK293 cells transfected
with naked DNA.
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Figure 5. Schematic illustration of gene delivery using two-segment nanorods to carry GFP plasmid into
the target cell.

Salem and co-workers also studied genetic immunization by particle bombardment
of gold-nickel segment nanorods in vivo. Two-segment nanorods functionalized with
the model antigen ovalbumin and DNA plasmid were delivered into mice via gene
gun bombardment to stimulate the immune response. A strong antibody response
was observed in the blood stream and a strong CD8+T-cell response detected in the
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spleen. There was virtually no response of the CD8+T-cells when only DNA bound
to segmented nanorods was delivered into the mice. In contrast, delivery of segmented
nanorods with DNA and ovalbumin provided a strong CD8+T-cell response. The
results suggested that further optimization of this process to deliver immuno-stimulants
to cells might facilitate genetic immunization (Salem et al., 2005).

The combination of photodynamic therapy along with traditional gene therapy is a
novel approach that may prove useful as a technique for efficient delivery of genes into
cells (Umeda et al., 2005). Recent studies investigating the feasibility of this approach
are yielding positive results. For example, Takahashi and co-workers (Takahashi et
al., 2005) have investigated the use of modified gold nanorods for releasing plasmid
DNA. They used gold nanorods modified with phosphatidylcholine and conjugated
with plasmid DNA, and exposed these complexes to a laser light in the NIR at dif-
ferent powers, while simultaneously subjecting the sample to gel electrophoresis. In
the absence of laser irradiation all plasmid DNA remained in the well without any
migration. This was evidently due to the formation of modified gold nanorod / DNA
complexes. However, the electrophoretic migration of supercoiled DNA through
the agarose gel was observed after irradiation of the gold nanorod-DNA complex at
relatively high energies of pulsed-laser light (160, 180, and 200 mJ/pulse, Figure
6). Laser irradiation of this intensity was also found to have changed the shape of
the nanoparticles from rod-like to spherical. Evidently, either the shape change or
temperature excursion was responsible for freeing the DNA from gold nanorod-DNA
complexes. A similar study using gold nanorods, this time targeting HeLa cells, was
published by Chen and colleagues (Chen et al., 2006). These studies also indicated
that the release of plasmid DNA from the surface of gold nanorods can be obtained
by the application of infrared irradiation.
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Figure 6. Gel electrophoretic patterns of gold nanorods DNA complexes with and without laser irradiation.
The laser intensities used were 100, 120, 140, 160, 180, and 200 mJ/pulse. The first lane is a reference lane
showing agarose gel electrophoresis of plasmid DNA. The second lane is gold nanorod DNA complexes
without a laser. Reprinted with permission from Chemical Communications (Takahashi et al., 2005).

GOLD NANORODS IN PHOTOTHERMAL THERAPY

Application of heat to inhibit or destroy specific cells is a well-known concept for
the treatment of cancer and other conditions. Generally, a non-invasive method to
destroy tumour cells by heat is referred to as thermotherapy or hyperthermia (Zee,
2002). The increase in temperature in the target zone may be generated with a variety
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of heating sources, including infrared lamps, ultrasound, radio frequency sources and
lasers. (Jolesz and Hynynen, 2002; Mirza et al., 2001; Philipp et al., 1995; Seki et
al., 1999). The processes mentioned, however, have the problem of not limiting the
heat generated to a defined and specific area of target tissue (Jolesz and Hynynen,
2002). In photodynamic therapy greater specificity is obtained by ensuring that the
target tissue, for example a tumour, is infiltrated with a photoabsorbing dye, and then
laser irradiation is used to illuminate it. Unfortunately, the residual dye molecules can
migrate to normal tissue such as skin too, causing side effects such as photo-sensitivity
in patients (El-Sayed et al., 2006; Salata, 2004). Gold nanoparticles offer a potential
alternative to photoabsorbing dyes, with much of the current interest traceable to a
series of ground-breaking publications and patents by the Halas group on the use of
gold nanoshells, e.g.(Hirsch et al., 2003). We have previously reviewed the state-of-
the-art with respect to gold spheres and shells (Pissuwan ef al., 2006). Since then,
however, a number of publications describing the potential use of gold nanorods in
photothermal therapeutic applications have appeared and these studies now seem to
outnumber those based on gold nanoshells.

As mentioned earlier, gold nanorods have properties which make them very attractive
candidates for photothermal therapy. Although spherical gold nanoparticles do exhibit
plasmon resonance, they have several limitations: not only is the efficiency of heating
comparatively low (compared to nanorods or nanoshells) (Zharov and Galitovsky,
2003) but the wavelength at which the resonance mode occurs is in the mid-visible
and therefore outside of the ‘tissue window’. These limitations can be overcome by
the use of gold nanorods since these are more efficient converters of light to thermal
energy (Chou et al., 2005; El-Sayed et al., 2006) and of course the wavelength at which
the plasmonic heating is a maximum can be ‘tuned’ to the ‘tissue window’ (O’Neal
et al., 2004; Weissleder, 2001). Furthermore, the longitudinal resonance of gold
nanorods exhibits a narrower plasmon absorption bandwidth than any other known
shape of nanoparticle (Link and El-Sayed, 2000). In combination, these properties
should decrease the damage to healthy cells during photothermal therapy. These
principles have recently been put to the test in the form of in vitro studies in which
the nanorods have been functionalized with specific targeting molecules, attached to
target cells, and then irradiated.

For example, Huff and co-workers conjugated folate ligands with oligoethyleneg-
lycol onto gold nanorods by in situ dithiocarbamate (DTC) formation (Huff et al.,
2007b). The folate conjugated gold nanorods were selectively bound to KB cancer
cells (a tumor cell line derived from oral epithelium) which led to photothermal
damage on cell membranes following laser irradiation. Another study from the same
group showed that membrane blebbing that occurred as a result of the irradiation is
due to the influx of Ca®"into the cell (Tong et al., 2007). Huang et al. (Huang et al.,
20006) have also recently described the photothermal destruction of cancer cells using
biofunctionalized gold nanorods. The nanorods were conjugated to anti-epidermal
growth factor receptor (anti-EGFR); the specific antibody to the malignant cell types
used, and then incubated with a nonmalignant epithelial cell line (HaCat) and two
malignant oral epithelial cell lines (HOC313 clone8 and HSC3). Following laser ir-
radiation, malignant cells were destroyed at about half the laser fluence needed to kill
the nonmalignant cells. The efficient destruction of the malignant cells was evidently
due to the preferential attachment of the anti-EGFR-gold nanorod conjugates to the
over-expressed EGFR on the surface of the malignant cell.
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Not only cancer cells can be destroyed in this manner. We have previously described
(Pissuwan et al., 2007b) how a specific macrophage cell line could be selectively
targeted by conjugating gold nanorods with the CD11b antibody, followed by their
destruction using laser irradiation. In a more recent paper by our group (Pissuwan
et al., 2007a), gold nanorods were conjugated with a specific antibody against the
pathogenic parasite Toxoplasma gondii. Following laser exposure, it was shown that
about 80% of the organism’s tachyzoites were destroyed at a laser power density of
~51 W/m?,

These exercises indicate that there is considerable scope for the use of selectively
attached and plasmonically heated gold nanorods in therapeutic applications.

Cytotoxicity of gold nanorods

SURFACE OF GOLD NANORODS

As we have shown, there are a number of potential applications for gold nanorods in
the biomedical arena. However, it is important to consider the possible biocompat-
ibility of gold particles too. Normally, gold has two oxidation states as Au™ and Au"™.
Gold Au™ associates with ‘soft’ ligands, for example sulphur donor ligands (Colacio
et al., 1996) and gold Au™ prefers to complex with ‘hard’ ligands such as oxygen or
nitrogen donors (Pearson, 1963). Both Au™ and Au™ can be easily reduced to form
AU’ often in a nanoscale colloidal form. There have been reviews on the biological
activity of gold Au' and Au™ compounds (Merchant, 1998), and some of them are
quite useful in a medical sense, with gold(I) thiolates, for example, serving with some
success to mitigate arthritis (Shaw, 1999). However, due to its chemical nobility, it
is generally expected that particles of Au’ are innocuous when in living organisms.
For example, Shukla and co-workers suggested that colloidal gold nanospheres do
not show any cytotoxic effect up to 100uM concentration, even after incubation for
up to 72 hours with RAW264.7 macrophage cells (Shukla et al., 2005). There are at
present only a few other publications considering the possible cytotoxicity of gold
nanoparticles, and even fewer that specifically address gold nanorods.
Nevertheless, the production of gold nanorods requires the use of hexadecyl-
trimethylammonium bromide (CTAB); a cationic surfactant that is also known to be
a detergent suitable for the degradation of biomembranes and peptides. The CTAB
is a stabilizing agent for the rods (Niidome and Niidome, 2006; Nikoobakht and El-
Sayed, 2001) and is evidently present after synthesis, both in the supernatant, and
as a bi-layer on the flanks of the rods themselves. Free CTAB is certainly toxic to
human cells; but it can largely be removed from preparation of gold nanorods by
double centrifugal washing of the suspensions with Milli Q water. The residual CTAB
bi-layer bound to surface of the gold nanorods is evidently not particularly toxic to
those cells types tested so far (e.g. the K562 leukemia cell line, (Connor et al., 2005;
Cortesi et al., 1996), RAW 264.7 murine macrophage cells (Pissuwan et al., 2007b)
or the tachyzoites of the parasite Toxoplasma gondii (Pissuwan et al., 2007a)), but
there is evidently still some statistically important reduction of cell viability due to
the nanorods, particularly if at higher concentration (Takahashi ef al., 2006).
Clearly, some process to remove at least the excess CTAB from suspensions of gold
nanorods is essential in order to produce biocompatible gold nanorods, but removal of
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all the CTAB would be even better. This is because the CTAB bi-layers on a typical
nanorod surface are certainly not statically bound, so there will always be a degree of
desorption of CTAB molecules into the surrounding medium. Unfortunately, removal
of all bound CTAB, in the absence of the substitution of some other stabilizing agent,
is undesirable as it will cause aggregation of the nanorods (Niidome and Niidome,
2006). Therefore, to prevent the risk of toxicity from CTAB and to prevent aggrega-
tion of the nanorods, some groups have exchanged it, after synthesis of the rods, for
amore innocuous stabilizing molecule. For example, chloroform extraction has been
used to remove the bound CTAB and replace it with phosphatidylcholine, a common
phospholipid contained in mainly biomembranes (Niidome e? al., 2007; Takahashi
et al., 2006). Incubation of live cells with these modified nanorods was associated
with a higher level of cell viability compared with unmodified gold nanorods that
had been only been centrifuged two times to remove excess CTAB (Takahashi et al.,
2006). Nanorods can be further functionalized with bovine serum albumin (BSA)
and polyethylenimine by the ‘layer-by-layer’ technique. In this case they have proven
to be proficient and non-toxic transfection vectors into HeLa cells (Niidome et al.,
2007). This could become the basis of a new and safer method of gene delivery in
the future.

Polyethyleneglycol (PEG); a hydrophilic polymer, has also been used to modify the
surface of gold nanorods. PEG is a biocompatible polymer frequently used in drug
and DNA delivery (Liu ef al., 1999; Luo et al., 2002), and surface modification of
gold nanorods with it also provides a degree of biocompatibility. Naturally, antibod-
ies can be added on top of the PEG layer too (Liao and Hafner, 2005). A detailed
assessment of PEG-modified gold nanorods was recently provided by Niidome and
co-workers (Niidome et al., 2006). The nanorods were coated by mixing the original
CTAB-stabilized particles with thiol-terminated methoxy-poly(ethylene glycol):
mPEG-SH. There was no aggregation after the treatment, even though the modifica-
tion had changed the surface charge from a cationic surface to almost neutral. The
cytotoxicity of such PEG-modified gold nanorods was checked using HeLa cells. Cell
viability for the test conditions used was around 90% in the presence of 0.05 mM Au
of PEG-coated nanorods and only about 20% for CTAB-stabilized rods. These results
confirm that elimination of excess CTAB and modification with PEG will remove
any residual cytotoxicity of gold nanorods.

Another way to modify gold nanorods involves the application of PSS polyelec-
trolyte; a novel, non-cytotoxic antimicrobial contraceptive agent. This converts the
surface charge of the nanorod from positive to negative (Durr ef al., 2007; Garg et
al., 2005). PSS coated gold nanorods can be conjugated with antibodies without
any aggregation and are expected to be biocompatible (Caruso et al., 1997; Huang
et al.,2007b). The antibodies are adsorbed on PSS layer by non-specific interactions
(Huang et al., 2007b). A schematic diagram illustrating the coating of gold nanorods
with PSS and antibodies is shown in Figure 7.

CELLULAR UPTAKE OF GOLD NANORODS

Cellular uptake of gold nanoparticles is another issue that should be considered
when considering their use in diagnostic and therapeutic applications. In general,
nanoparticles can go deeper into tissue than larger particles and often penetrate the
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Figure 7. Schematic illustration of the bioconjugation of PSS coated gold nanorods with antibodies.
Reprinted with permission from Lasers in Medical Science (Huang et al., 2007b).

cell itself (Leslie-Pelecky, 2007). The reader is referred to a recent review, which
summarises the situation for many types of nanoparticle, including those of gold
(Lewinski et al., 2008). In general, gold nanoparticles, including rods, enter cells by
a non-specific process of endocytosis and concentrate in endosomes. The available
data indicates that they do not cross over into the nucleus unless they are specifically
functionalised to do so. The size and shape of the particle certainly have an influence
on the outcome. For example, Chithrani et al. (Chithrani et al., 2006) studied the
effects of size, shape, concentration, and incubation time on kinetics of uptake of
nanorods and nanospheres of different sizes into mammalian (HeLa) cells. Curiously,
the fastest uptake in the case of spheres was for comparatively large particles of 50
nm diameter. Actually, a similar conclusion was drawn by Osaki et al. (Osaki et al.,
2004) for semiconductor nanoparticles, where once again it was the larger particles
that more readily entered cells by receptor-mediated endocytosis. Intracellular uptake
of gold nanoparticles into cells has been confirmed by imaging in a TEM. This showed
that gold nanoparticles in the range of 14 to 100 nm were located inside cells and
trapped in vesicles inside the cytoplasm, and external to the nucleus. Furthermore, the
balance of evidence so far is that there is no cytotoxicity associated with the presence
ofthe gold nanoparticles. It is possible that the uptake of the gold nanoparticles might
have been facilitated by the non-specific absorption of serum proteins from the culture
medium, which might have stimulated receptor-mediated endocytosis (Chithrani et
al., 2006; Huff et al., 2007a). Some studies (Chithrani et al., 2006) have suggested
that gold nanospheres are more readily taken up than rods, but of course the difference
may simply be due to the differing surface chemistries of the two forms. For example,
CTAB-stabilized rods are positively charged, while citrate-stabilized nanospheres
are negatively charged. This might also influence the degree of aggregation of the
nanoparticles during experiments (Chithrani et al., 2006; Limbach et al., 2005). As
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far as nanorods of different aspect ratios are concerned, cellular uptake of the low
aspect ratio (shorter) rods is higher than of longer rods. The reason could be that the
high aspect ratio gold nanorods have a larger contact area with the cell membrane
receptors than the small aspect ratio gold nanorods and spherical gold nanoparticles at
similar size, however it seems likely that the various factors that control endocytosis
of gold nanorods are not yet fully understood.

Recently, a comparison has been published (Huff et al., 2007a) of the cellular
uptake of gold nanorods as a function of surface modification. The uptake of CTAB-
coated nanorods, CTAB-coated rods modified with methylated poly(ethyleneglycol)
conjugated dithiocarbamate (mPEEG-DTC ) and gold nanorods coated with bis(p-
sulfonatophenyl) phenyphosphine (BSP) in KB cells was assessed. The cells incubated
with CTAB-coated gold nanorods grew to confluence over 5-day period, demonstrating
that CTAB-coated gold had little or no effect on the growth of KB cells. The excretion
of CTAB-coated gold nanorods by the KB cells could not be detected; however, some
gold nanorods were compartmentalized inside cells in an aggregated form. On the other
hand, the extent of non-specific uptake of the CTAB-coated gold nanorods was about
20 times is higher than for the mPEG-DTC-coated gold nanorods. The accumulation
of gold nanorods inside cells has both positive and negative outcomes for biomedical
applications. The positive outcome is that they can serve as multifunctional imaging
and therapeutic agents for specific targeted cells (Huang et al., 2006; Pissuwan et al.,
2007b). However, there is also a potential problem in so far as non-specific uptake
of gold nanorods might cause interference. Therefore, it appears important to avoid
non-specific uptake and accumulation of gold nanorods. The surface coating of gold
nanorods by mPEG chains and dithiocarbamate formation is one effective example
of a technology to prevent this.

Biodistribution of gold nanorods

It is obviously useful to develop an understanding of where and how gold nanorods
distribute themselves when they are introduced into a living system. As we have already
shown, this is certainly going to be influenced by the nature of any surface modifica-
tion. Some recent studies by Niidome et al. (Niidome ef al., 2006) (Niidome ef al.,
2007) have looked at this in greater detail. Both CTAB-stabilized and PEG-treated
nanorods were introduced into mice by intravenous injection and their distribution
studied. About a third of the ordinary nanorods were rapidly concentrated in the ani-
mal’s liver, but PEG-treated rods stayed in the bloodstream for far longer (54% still
present after 0.5 hours) before a third finally reported to the liver. A small amount of
PEG-coated gold was found in the lung, spleen and kidney. However, the fate of the
remaining two thirds or so of the gold was not identified in this study. In any event,
these results show gold nanorods can be hidden to some extent from a mammal body’s
normal processes for sequestrating foreign materials, a process which these and other
authors have described as imparting a ‘stealth’ character to the particles. The use of
‘stealthy’ gold nanorods, modified with ligands such as antibodies, has been identi-
fied as being a promising basis for the development of new targeted delivery systems
(Niidome et al., 2006; Visaria et al., 2006).
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Conclusion

Gold nanorods have a variety of real or potential applications in medical diagnosis and
therapeutic treatments as a result of their particularly attractive combination of optical,
physical and chemical properties. These applications include optical microscopy,
optoacoustic imaging, immuno-assaying, gene therapy and hyperthermia. Specificity
of effect and selective targeting can be achieved, generally by functionalization of the
gold nanorods with a biomolecule. In principle, for example, antibody-conjugated
gold nanorods can be used to target specific cell lines, or even invading organisms,
either for diagnostic of therapeutic purposes. Nevertheless, these are early days and
continued exploration of the field, and especially the completion of more in vivo
clinical trials, is required.
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