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Gold nanoparticles as novel agents for cancer therapy
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ABSTRACT. Gold nanoparticles are emerging as promising agents for cancer therapy

and are being investigated as drug carriers, photothermal agents, contrast agents and
radiosensitisers. This review introduces the field of nanotechnology with a focus on
recent gold nanoparticle research which has led to early-phase clinical trials. In
particular, the pre-clinical evidence for gold nanoparticles as sensitisers with ionising
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radiation in vitro and in vivo at kilovoltage and megavoltage energies is discussed.

Nanotechnologies can be defined as the design, cha-
racterisation, production and application of structures,
devices and systems by controlling shape and size at a
nanometre scale [1]. Potential benefits of nanomaterials
are well recognised in the literature and some commenta-
tors argue that nanotechnology promises to far exceed the
impact of the Industrial Revolution, projecting to become
a $1 trillion market by 2015 [2, 3]. In medicine, most
interest is in the use of nanoparticles to enhance drug
delivery with interest also in in vitro diagnostics, novel
biomaterial design, bioimaging, therapies and active
implants. Nanoparticles, according to the American
Society for Testing and Materials (ASTM) standard
definition, are particles with lengths that range from 1 to
100nm in two or three dimensions [1]. The most studied
nanoparticles are carbon nanotubes, gold nanoparticles
(GNPs) and cadmium selenide quantum dots [4-6]. This
review focuses on GNPs as promising novel agents for
cancer therapy.

Gold nanoparticles

Common oxidation states of gold include +1 (Au [I] or
aurous compounds) and +3 (Au [III] or auric compounds).
GNPs, however, exist in a non-oxidised state (Au
[0]). GNPs are not new; in the 19th century, Michael
Faraday [7] published the first scientific paper on GNP
synthesis, describing the production of colloidal gold by
the reduction of aurochloric acid by phosphorous. In the
late 20th century, techniques including transmission
electron microscopy (TEM) and atomic force microscopy
(AFM) enabled direct imaging of GNPs, and control of
properties such as size and surface coating was refined [9].
Common methods of GNP production include citrate
reduction of Au [III] derivatives such as aurochloric acid
(HAuCly) in water to Au (0) and the Brust-Schiffrin
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method, which uses two-phase synthesis and stabilisation
by thiols [9, 10]. In recent years there has been an
explosion in GNP research, with a rapid increase in GNP
publications in diverse fields including imaging, bioengi-
neering and molecular biology (Figure 1). It is probable
that this relates to a similar increase in the broader field of
nanotechnology, increased governmental awareness and
funding, and rapid progress in chemical synthesis and
molecular biology [11].

GNPs exhibit unique physicochemical properties
including surface plasmon resonance (SPR) and the ability
to bind amine and thiol groups, allowing surface modi-
fication and use in biomedical applications [12]. Nanopar-
ticle functionalisation is the subject of intense research at
present, with rapid progress being made towards the
development of biocompatible, multifunctional particles
for use in cancer diagnosis and therapy [2]. For example, a
multifunctional micellar hybrid nanoparticle containing
metal nanoparticles for MRI detection, quantum dots for
near infrared fluorescent imaging, polyethylene glycol
(PEG) to increase circulation times, the tumour-specific F3
peptide for targeting and doxorubicin as a therapeutic
payload has recently been developed. Efficacy has been
demonstrated in vitro and in vivo in a mouse model
implanted with human breast cancer cells [13].

There has been considerable debate about the mode of
entry of GNPs into cells, with the most likely mechanism
being non-specific receptor mediated endocytosis (RME)
[14]. In vivo, even in the absence of functionalisation,
nanoparticles passively accumulate at tumour sites that
have leaky, immature vasculature with wider fenestra-
tions than normal mature blood vessels [15]. This is
known as the enhanced permeability and retention (EPR)
effect. Difficulties in utilising the EPR effect for tumour
drug delivery exist owing to the heterogeneity of tumour
vasculature, particularly at the centre of poorly differ-
entiated cancers, as well as particle detection and uptake
by the reticuloendothelial system (RES) [16]. PEGylation
is the most common method of reducing RES uptake,
producing a hydrated barrier causing steric hindrance
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Figure 1. Number of gold nanoparticle papers published
each year. Source: ISI Web of Knowledge. Available from:
www.webofknowledge.com.

to the attachment of phagocytes [17]. The EPR effect
combined with longer circulation times, often achieved
by PEGylation, can increase concentrations of drug in
tumours by 10-100-fold compared with the use of free
drugs [18]. Further tumour targeting can be achieved by
actively binding tumour-specific recognition molecules
such as epidermal growth factor (EGF), transferrin, folic
acid or monoclonal antibodies to nanoparticles [14, 19,
20]. Toxicity studies of GNPs have been conflicting, with
interactions between GNPs and tissue at the cellular,
intracellular and molecular levels remaining poorly
understood [2]. While some studies have shown no
cellular toxicity, other in vitro and in vivo studies have
demonstrated cellular reactive oxygen species produc-
tion, mitochondrial toxicity, cytokine release, apoptosis
and necrosis [12, 21-27].

Gold nanoparticles as drug carriers

There is intense interest in modifying existing drugs to
improve pharmacokinetics, thereby reducing non-specific
side effects and enabling higher dose delivery to target
tissues. An important demonstration of the potential of
multifunctional GNPs for drug delivery was the use of
5-nm GNPs as a delivery vehicle, covalently bound to
cetuximab, as an active targeting agent and gemcitabine
as a therapeutic payload in pancreatic cancer [28]. The
epidermal growth factor receptor (EGFR) is overexpressed
in up to 60% of pancreatic cancers and the combination of
cetuximab and gemcitabine has been investigated in Phase
II trials of this disease [29]. Patra et al [30] demonstrated
that high intratumoural gold concentrations (4500 ug g™ ")
could be achieved using this approach compared with
600 ugg ! with untargeted GNPs with minimal accu-
mulation in the liver or kidney. The GNP-cetuximab—
gemcitabine nanocomplex was superior to any of the
agents alone or in combination in vitro and in vivo. Low
doses of complex gemcitabine (2mgkg™") led to >80%
tumour growth inhibition in an orthotopic pancreatic
cancer model compared with 30% inhibition using the
non-conjugated agents in combination [30].

Jiang et al [31] synthesised citrate-coated GNPs of
controlled sizes ranging from 2 to 100nm bound with

102

S Jain, D G Hirst and J M O’Sullivan

multiple trastuzumab antibodies to enable targeting and
cross-linking of human epidermal growth factor receptor
(HER)-2 in human SK-BR-3 breast cancer cells. Larger
nanoparticles had a greater protein-to-nanoparticle ratio
than smaller, more curved particles, with more avid
trastuzumab binding. In this study, the optimal size for
nanoparticle cellular entry was 40-50 nm. Smaller particles
dissociated from the cell membrane and larger particles
appeared to reduce the membrane wrapping necessary for
RME to occur. Furthermore, with 40nm GNP-HER parti-
cles, the HER-2 receptor complex was noted to internalise
to the cytoplasm, leading to a 40% reduction in surface
HER-2, a process that does not occur with trastuzumab
binding alone. This led to a reduced expression of down-
stream kinases including protein kinase B (Akt) and
mitogen-activated protein kinase (MAPK) and a twofold
increase in trastuzumab cytotoxicity. The concentration of
GNPs used in this study was extremely low (fM concentra-
tions), yet GNP-HER was clearly visualised in cytoplasmic
lysosomes. This important work demonstrated that GNPs
may not simply act as passive drug carriers, but may also
influence drug—cell interactions and enhance therapeutic
effects [31].

Gold nanoparticle thermal therapy

Hyperthermia is known to induce apoptotic cell death
in many tissues and has been shown to increase local
control and overall survival in combination with radio-
therapy and chemotherapy in randomised clinical trials
[32-34]. Hyperthermia is normally used in combination
with other treatments, including radiotherapy, and can be
delivered externally, interstitially or endoluminally with
heat generation by radiofrequency waves, microwaves
or ultrasound [35]. While normal tumour vasculature
dilates to aid heat dissipation, tumour vasculature con-
stricts, providing some tumour selectivity. However,
overall, a lack of specificity for tumour tissue, difficulties
in heating deep tumours to therapeutic temperatures and
thermotolerance after initial treatment have limited the
use of hyperthermia in cancer treatment [35].

Progress in nanomedical research offers the potential
to specifically target metal nanoparticles to tumour cells.
When an energy source such as a laser producing non-
ionising electromagnetic radiation is applied, conversion
to heat energy occurs in metal nanoparticles owing to
electron excitation and relaxation [36]. Furthermore,
lasers can be specifically tuned to the SPR frequency of
nanoparticles, which varies with the size, shape and
composition of the nanoparticle (Figure 2) [19]. Most
research has used gold nanoshells, particles with 100-nm
silica cores and a 15-nm gold coating, which shifts the
resonance peak to the near infrared region (650-950 nm)
where blood and tissue are maximally transmissive [37].
An in vivo study demonstrated 100nm gold nanoshells
maximally accumulated in SK-BR-3 human breast tum-
ours 24 h after intravenous (IV) injection. When a laser
tuned to the nanoshell resonance was applied, average
tumour temperatures increased by 9°C in control mice,
and 37°C in nanoshell-treated mice, with irreversible
tissue damage in the nanoshell group. All mice in the
nanoshell group survived 90 days with no evidence of
tumour recurrence whereas all mice in the control group
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Figure 2. Absorption spectra of 9-nm, 22-nm, 48-nm and
99-nm gold nanoparticles demonstrating a change in surface
plasmon resonance with particle diameter. Reproduced with
permission from Link et al [87].

were euthanised by 20 days owing to uncontrolled
tumour growth [38]. A similar approach used 110-nm
PEGylated gold nanoshells and laser therapy to treat PC3
human prostate cancer xenografts. Nanoparticles were
given intravenously to mice with laser therapy adminis-
tered 18 h after nanoparticle exposure. A complete
resolution of the tumour was noted in 93% of mice
receiving gold nanoshells and laser, with no effects in
tumours treated with laser alone (Figure 3) [39].

Some limitations to this technique continue to exist,
particularly for treatment of deep seated tumours, as a
laser will only penetrate several centimetres in soft tissue
[36]. More methods to allow in vivo dose quantification of
nanoshells to enable modification of laser doses need to
be developed [37]. Furthermore, some studies have
estimated that ~5000 nanoshells per cell will have to
be delivered to achieve adequate heat production for
coagulative necrosis to occur [40]. It remains to be seen
whether this is achievable in clinical practice with more
heterogeneous tumours than in pre-clinical models.
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Figure 3. Tumour growth of human prostate cancer tumours

in mice. C, control; GNS, gold nanoshells; L, laser; S, sham
treated. Reproduced with permission from Stern et al [40].
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Gold nanoparticles as contrast agents

The properties of GNPs, including small size, biocom-
patibility, high atomic number (high-Z) and the ability
to bind targeting agents, mean that they have potential as
contrast agents. Contrast materials such as iodine improve
the definition of heavily vascularised tumours by increas-
ing photoelectric photon absorption, increasing the accu-
racy of tumour diagnosis and staging and aiding volume
and definition in radiotherpy planning [41].

At energies above 80keV, the mass attenuation, g, of

gold is higher than that of iodine, suggesting that better
contrast would be achieved with gold. For instance, at

100kV the % for gold is 5.16cm>g ", for iodine it is

1.94 cm®g ", for bone it is 0.186 cm? g~ ' and for soft tissue
it is 0.169cm”*g ™!, so gold provides 2.7 times more
contrast per unit weight than iodine [42]. 1.9nm GNPs
(Aurovist™; Nanoprobes, Inc., Yaphank, NY) have been
used in vivo, demonstrating longer retention times and
superior contrast to iodine with resolution of vessels as
small as 100 um [42]. They were intravenously injected
into Balb/C mice implanted with EMT6 murine breast
tumours and imaged with a 22-kVp mammography unit
2 min—24 h post-injection. Despite high initial blood
concentrations of GNPs (10 mg ml™ blood), no haemato-
logical or biochemical abnormalities were detected at 11
or 30 days post-injection. Quantitative pharmacody-
namics demonstrated that GNPs were renally excreted
with blood gold concentrations falling in a biphasic
manner, with a 50% drop from 2 min to 10 min followed
by a further 50% reduction from 15 min to 1.4 h. In
contrast, tumour levels at 24 h were 64% of peak levels
reached 15 min post-injection, suggesting nanoparticle
extravasation into tumour tissue. Improved retention
times and contrast could allow detection of smaller
tumours at staging, aid image-guided radiotherapy and
allow intratumoural GNP dose quantification.

While GNPs have the potential to improve contrast with
structural imaging modalities, including CT and MR, it is
possible that functionalised GNPs could be useful in the
field of molecular imaging to give in vivo information on
the metabolic activity of cancer and the expression of
molecular markers. In clinical use, positron emission
tomography (PET) is the most used functional imaging
modality and its benefits over standard imaging have been
well demonstrated [43-45]. To date, CT has not been used
as a molecular imaging modality because iodine cannot be
conjugated to molecular proteins. Targeted nanoparticles,
including superparamagnetic nanoparticles and GNPs, are
now being developed to improve imaging with MRI and
CT [46, 47]. For instance, GNPs were conjugated to UM-A9
antibodies, which bind to the A9 (246 intregin) protein
which is overexpressed in many squamous cell head and
neck cancers and correlates with metastatic potential [48].
In an in vitro study using CT imaging at 80kVp, the CT
attenuation (in Hounsfield units [HU]) was 168 HU in A9-
expressing cells and 28 HU for non-expressing cells
compared with non-exposed cells. This should be clini-
cally meaningful because the HU for soft tissue is 50;
however, this needs to be tested in in vivo studies [48]. A
further study used GNPs chelated with gadolinium (Gd)
to enable both CT owing to the high-Z gold and MRI
owing to the Gd [49]. Again, greater absorption was noted
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with GNPs than with iodine; HUs were equal with 10 mg
ml™ gold and 35 mg ml™" iodine. The use of monochro-
matic X-rays at the European Synchrotron Radiation
Facility (ESRF) enabled in vivo GNP dose quantifi-
cation because gold produces characteristic X-ray spectra
which is detectable using an ionisation chamber. The
nanoparticles could be clearly imaged by both CT and MRI
because they accumulated in the kidneys and bladder
during renal excretion [49].

Gold nanoparticles as radiosensitisers

While GNP radiosensitisation has been observed in
many studies, as discussed below, much work has been
phenomenological and the mechanisms by which sensiti-
sation occurs remain unclear. Most researchers have
attributed GNP radiosensitisation to increased photoelec-
tric photon absorption by high-Z materials at kilovoltage
photon energies. However, if sensitisation occurs by this
physical mechanism, effects would not be predicted to
occur at clinically relevant megavoltage energies where
Compton interactions are dominant [50]. For clinical
translation and optimisation of effect, it would be beneficial
to know the importance of GNP size, concentration, surface
coating and distance from target material such as DNA on
GNP-mediated radiosensitisation. Knowledge of the range
and type of secondary energies released from the nano-
particle, such as short-range low-energy electrons, Auger
electrons, photoelectrons or characteristic X-rays, and in
turn how they vary with primary photon energies would
also enable the development of more rationally designed
GNPs for use with radiation. Some of the studies attempt-
ing to address these complex issues are discussed below.
The concept of high-Z radiation dose enhancement has
been known for many years [51]. This is a physical concept
which makes use of the much greater photoelectric photon
absorption in high-Z materials compared with soft tissue,
particularly at kilovoltage photon energies, as demon-
strated in Figure 4. Increased radiation side effects have
been observed at the interface with high-Z materials owing
to greater absorption of photons and deposition of energy
in surrounding tissue from photoelectrons, Auger electrons
and characteristic X-rays [52]. In therapeutic terms, if a
high-Z material is present at higher concentrations in the
tumour than in normal tissue, an improvement in the
therapeutic index should be realised. Much work has been
carried out with iodine (Z=53), a commonly used contrast
agent; Matsudaira et al [53] demonstrated increased cell
killing in an in vitro cell model with iodine added to growth
medium. Santos Mello [54] achieved an intratumoural
concentration of 5mg ml™" iodine and demonstrated
reduced tumour growth delay in a rabbit model. These
results led to a Phase I feasibility trial in which 8 patients
received 3-5 weekly 5-Gy boosts with 140-kVp X-rays to
intracranial metastases while undergoing whole brain
radiotherapy with 40 Gy in 20 fractions over 4 weeks with
6-MV photons [55]. IV iodine contrast medium was
administered prior to radiation and 140-kVp X-rays were
delivered in 360° rotations in three planes to minimise skull
dose. Brain metastases were measured on weekly CTs prior
to and during treatment. Of eight patients treated, there
was one complete response and four partial responses to
therapy with no increase in early or late radiation side
effects.
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Figure 4. The relationship of mass attenuation coefficients
of soft tissue and gold with increasing photon energy
(source: National Institute Standards and Technologies).

DNA plasmid studies

The DNA plasmid model is a relatively simple system
that allows the study of radiation-induced DNA damage
and chemical-free radical effects [56]. Plasmid DNA refers
to double stranded extrachromosomal DNA which ranges
from a few hundred to a few thousand base pairs in length
and is normally present in bacteria. This model allows
control over the environment that the DNA is exposed to
as the radical scavenging conditions can be varied,
enabling assessment of the direct and indirect effects of
radiation. The plasmid model allows measurement of
sensitisation without the biological interactions of GNPs
with cells and without the impact of DNA repair.

In a modelling and plasmid study, Carter et al [57]
examined the distribution of energy release from nano-
particles to determine how close to targets such as DNA
they need to be for sensitisation to occur. This question is
important because if energy release is on the nanoscale,
then efforts should be made to target the nanoparticles to
the cell nucleus using methods such as the attachment of a
nuclear localisation signal (NLS). This group modelled
3-nm GNPs intercalated to plasmid DNA in water irra-
diated with 100-kVp X-rays. The study showed that while
some energy was released by long-range photoelectrons
(which can travel for several micrometres), most was in
the form of low energy electrons (LEEs) (<100eV) with
ranges of only a few nanometres. They confirmed these
modelling results using the plasmid model with increas-
ing concentrations of tris(hydroxymethyl)aminomethane
(TRIS) as a free radical scavenger. At low scavenging
concentrations, no GNP enhancement occurred because
free radicals produced by photon interaction with water-
dominated DNA damage. As TRIS concentrations were
increased and the range of radicals in water reduced, and
at physiological scavenging conditions (~100mM TRIS),
where radical range is in the order of 5nm, enhancement
was maximal at ~150% (Figure 5). Under these condi-
tions, only radicals produced very close to DNA, either by
water or GNPs, would cause damage, thus confirming the
nanoscale nature of GNP energy release. Interestingly,
with 6-nm GNPs the number of LEEs was significantly
reduced because many electrons were not released from
the nanoparticle.

The British Journal of Radiology, February 2012
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Figure 5. The influence of the free radical scavenger
tris(hydroxymethyl)aminomethane on DNA plasmid-bound
gold nanoparticle (GNP) radiosensitisation. Enhancement
increases with concentration as more water radicals are
scavenged. At concentrations >100 mM, enhancement falls
as GNP-produced radicals are also scavenged. Reproduced
with permission from Carter et al [57].

Boudaiffa et al [58] used the DNA plasmid model to
demonstrate that very LEEs (<20 eV), which do not have
enough energy to cause direct ionisation of DNA or other
molecules (such as water), were capable of causing DNA
damage. These LEEs are the most abundant form of
secondary species produced when photons interact with
matter (most probable energy: 10eV) and have a range in
matter of 1-10nm. They postulated that this damage
occurred through a process called dissociative electron
attachment (DEA) whereby the incident electrons attach
to basic components of DNA, resonate and form a
transient molecular anion which can lead to fragmenta-
tion of small molecules. These products subsequently
react with other components of DNA to cause single-
strand breaks (SSBs) and double-strand breaks (DSBs).
Zheng et al [59] used this model to examine radio-
sensitisation with both GNPs and cisplatin. 5nm GNPs
at a concentration of 12 um were non-covalently bound
to plasmid DNA and irradiated with 60keV electrons in
a vacuum [59]. With a GNP-to-plasmid ratio of 2:1, DSB
formation increased by a factor of 2.6. In a separate
experiment, GNP—plasmid complexes of different thick-
nesses (10nm and 2900 nm) were irradiated with much
greater DNA damage observed in the thin film, suggest-
ing that low-range LEEs caused most of the damage.
Because secondary LEEs are produced by photons of
all energies and are responsible for much biological
damage, this model suggests that enhancement would
also be seen at megavoltage photon energies. This work
was extended by chemically linking cisplatin to plasmid
DNA irradiated with 60-keV electrons in the presence
and absence of GNPs. Zheng and Sanche [60] demon-
strated that radiation damage was enhanced by a factor
of 7.5 when two cisplatin molecules and one GNP were
bound to each plasmid. Clearly this level of enhancement
with such low concentrations of GNPs cannot simply
relate to increased photoelectric absorption and this
group attributed the magnitude of this effect to DEA [60].

The British Journal of Radiology, February 2012

Butterworth et al [56] examined the impact of size and
scavenging conditions on radiosensitisation. A dose
enhancement factor (DEF) of 2 was noted for SSB and
DSB with 50 ugml_1 of 5-nm GNP in a 10-mM TRIS
buffer with 160-kVp X-rays. Unexpectedly, GNPs had
radioprotective effects in low scavenging conditions
(phosphate-buffered saline), suggesting that GNPs them-
selves may have some free radical scavenging properties.
Gold microparticles of 1.5um diameter caused some
enhancement with SSB and DSB DEFs of 1.41 and 1.12,
respectively. 5nm GNPs at the same gold concentration
gave SSB and DSB DEFs of 2.29 and 1.25, respectively.
The DNA plasmid model can give useful information
about the mechanisms by which sensitisation can occur
and guide the design of in vitro and in vivo GNP
experiments.

Monte Carlo modelling studies

Cho [50] modelled the effects of GNPs with an iridium-
192 source, kilovoltage and megavoltage photon energies.
With 140-kVp X-rays and a uniform distribution of 7mg
ml™ GNPs, a DEF of 2.11 was predicted. However at
megavoltage energies, predicted physical enhancement
was extremely low; for example, a physical dose enhance-
ment of 1-7% was predicted with 4-MV and 6-MV photons
with gold concentrations ranging from 7 to 30 mgml™". For
an iridium-192 source placed in contact with tumour cells,
dose enhancements of 8-30% were predicted with GNP
concentrations ranging from 7 to 30mgml™. If gold was
non-uniformly distributed in the tumour, as may be
expected, or accumulated near cellular targets (e.g. DNA),
estimation of dose on the nanoscale would be required.
To date, these Monte Carlo (MC) studies have not
been performed owing to MC code and computational
limitations.

A further modelling study compared GNP dose en-
hancement with a range of X-ray energies, including
commonly used brachytherapy radioisotopes, demon-
strating, as expected, that high-Z materials at lower
photon energies would be predicted to yield the greatest
physical enhancement [61]. It was noted that even in
the superficial and orthovoltage kilovoltage range, where
photoelectric interactions are dominant, significant en-
hancement would occur only if uniform GNP concentra-
tions were greater than 1mgml™. Other MC modelling
studies have assessed the feasibility of using GNPs with
kilovoltage energy photons and multiple fields or rota-
tional arc techniques to treat tumours at different depths.
McMahon et al [62] generated a figure of merit to account
for increased radiation absorption in tumours loaded with
1% GNPs, demonstrating that tumours up to 4cm deep
could be preferentially treated with kilovoltage photons.
However, this study did not consider increased radiation
dose to skin owing to loss of radiation build-up, which
may be dose-limiting. Furthermore, a commercial kilo-
voltage X-ray unit with the ability to deliver intensity-
modulated radiation is unlikely to be developed. Other
studies examined the feasibility of using 150-kVp radia-
tion to treat prostate cancers loaded with a uniform
distribution of 1% gold [63]. While it was possible to
deliver 72 Gy to the prostate without exceeding tolerance
doses to organs at risk (including rectum, bladder,
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femoral heads and skin), the dose-volume histograms
were inferior to those achieved using a 15-MV linear
accelerator. Furthermore, variations in the gold concen-
tration within the tumour, as will occur clinically, led to a
significant degradation in the organs at risk dose-volume
histograms.

Patients with localised prostate cancer are often treated
with brachytherapy using iodine-125 (I-125) or palladium-
103, which emit y-rays of maximum energy 35keV and
21 keV, respectively. Cho et al [64] specifically modelled
I-125 brachytherapy seeds in tumours exposed at 0-
18 mg g™ GNPs. DEFs of 1.68 were noted at a distance of
1 cm from the 1-125 source when 7mgml™" GNP were
used. The study assumed uniform atomic gold distribu-
tion throughout the tumour. The photoelectron fluence in-
creased by up to two orders of magnitude, particularly at
energies of <20 keV owing to interactions with the l-edge
and m-edge of gold. The fluence of photoelectrons and
Auger electrons was similar; however, the photoelectrons
contributed significantly more to local dose deposition
than the Auger electrons (by a factor of three). In sum-
mary, MC modelling suggests that meaningful physical
dose enhancement will be observed only at kilovoltage
photon energies where the photoelectric cross-section is
dominant, even when high doses of GNPs are used.

In vitro studies

Initial biological studies of gold dose enhancement were
carried out with monolayers of C3H 10T1/2 cells murine
cells grown on thin layers of gold foil. Using physical
dosimetry, Regulla et al [65] demonstrated massive DEFs
of 55-114 when detectors were placed next to gold foil
encased in polymethylmethacrylate (PMMA) and irra-
diated with mean X-ray energies of 33-100kV. With 80kV
X-rays, the secondary radiation decreased exponentially
with the distance from the gold foil and was negligible at
30 um. In biological experiments with cell monolayers,
biological enhancement factors of 30 were observed for
cells placed 2 pm away from gold foil. Because gold foil
has limited therapeutic potential, further important work
by Herold et al [66] examined enhancement with 3 pm
diameter gold microparticles in vitro and in vivo. The dose
enhancement with 1% gold microparticles in solution
without cells was determined using chemical Fricke
dosimetry and observed to be 1.42 for 200kVp X-rays.
Interestingly, Cs-137, which produces 662keV photons,
showed no strengthening of dose. At this energy, Compton
effects are dominant and while dose in front of high-Z
materials will increase owing to back-scatter, dose behind
the material will reduce because of shielding with no net
overall enhancement. Clonogenic survival in three cell
lines of varying radiosensitivity, CHO-K1, DU-145 and
EMT-6, with radiation energies of 100kVp and 240kVp,
and Cs-137 was then examined. For 200-kVp X-rays, the
overall DEF was 1.43; for Cs-137, a small non-significant
enhancement was observed. Linear quadratic fits demon-
strated increases in both the alpha and beta components of
the survival curve. In vivo/ex vivo studies with direct
injection of 1% microparticles into implanted EMT-6
tumours demonstrated a reduction in plating efficiency
from 0.248 in controls to 0.149 in microparticle-exposed
tumours (p=0.06). Microscopy showed that particles were
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poorly distributed throughout the tumour interstitium and
were not observed in areas of tightly packed tumour cells.
Clearly, particles of this size are too big to enter cells, which
have a typical diameter of 10-15 pm.

Chithrani et al [67] investigated the impact of GNP size,
concentration and radiation energy on in vitro radio-
sensitisation in Hela cells. Previous studies have demon-
strated that 50 nm GNPs were taken up in cells in greater
numbers than 14nm or 74-nm GNPs, although the
greatest amount of gold was delivered with 74-nm
particles [14]. In keeping with this, the greatest radio-
sensitisation was observed with 50-nm GNPs when
compared with 14-nm and 74-nm particles with 220-kVp
X-rays (DEFs were 1.43, 1.2 and 1.25, respectively). The
magnitude of radiosensitisation was found to be GNP
concentration dependent with 50-nm GNPs and corre-
lated with the number of intracellular nanoparticles, but
not the total amount of intracellular gold when different-
sized nanoparticles were considered. Rahman et al [68]
studied the in vitro radiosensitising effects of 1.9-nm GNPs
(Aurovist), which have also been used in in vivo studies
[26, 68, 69]. Bovine aortic endothelial cells (BAEC) were
exposed to high concentrations of GNPs (up to 1 mM)
prior to irradiation with 80-kVp or 150-kVp X-rays. A cell
proliferation assay was used to calculate gold alone,
toxicity and radiosensitisation. GNPs caused up to 30%
loss of cell proliferation when used alone and large
radiation DEFs (up to 24) with 80-kVp X-rays. Dose
enhancement was reduced with 150-kVp X-rays and MeV
electrons with DEFs of 1.4 and 2.9, respectively. An in vitro
study used 30-nm citrate or thioglucose-coated GNPs
with DU145 cells irradiated with 200-kVp X-rays after
24 h GNP exposure [70]. A threefold increase in GNP
uptake was observed in glucose-capped GNPs, with a
reduction in cellular proliferation with exposure to either
GNP preparation. The combination of GNPs with radia-
tion was largely additive, with glucose-capped GNPs
having a greater effect on cellular proliferation than citrate
GNPs with 2-Gy radiation (46% and 30.6% reduction, re-
spectively). A further study compared thioglucose and
cysteamine-capped 10.8-nm GNPs in MCF7 breast cancer
and MCF10a normal breast cells irradiated with 200-kVp,
caesium-137 or cobalt-60 radiation [71]. The toxicity of
GNPs alone was <10% with cell proliferation assays. A
single radiation dose clonogenic assay was carried out
with thioglucose GNPs, which demonstrated a supra-
additive effect with GNPs and radiation. Further work
from this group looked at the mechanisms of GNP
sensitisation in DU145 cells exposed for 2 h to 15-nm
10.8-nm thioglucose GNPs and irradiated with 2-Gy Cs-
137 y-rays [72]. Clonogenic survival, as measured by the
surviving fraction at 2 Gy (SF,), fell from 1.0 to 0.38 when
GNPs were combined with radiation and a corresponding
increase in apoptotic cells was observed. The proportion of
cells in the radiosensitive G2/M phase of the cell cycle
increased from 18.4% in untreated cells to 29.9% when
radiation was combined with GNPs. A further study used
high concentrations of 20-nm GNPs: 0.25-2mM (50—
400 mgml™") in combination with 6-MeV electrons, demon-
strating radiosensitisation with CT-26 mouse colorectal cell
lines [73]. These studies are summarised in Table 1.

While some cancer patients are treated with kilo-
voltage radiation with brachytherapy, intra-operative
radiotherapy, radionuclide therapy and superficial X-ray
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Table 1. In vitro studies of GNP radiosensitisation with ionising radiation

Year GNP GNP conc. Time Cell line Uptake GNP GNP toxicity Radiation Effect
to RT (GNP cell™) distribution
Zhang 2008 30nm 15nM 24h DU145 2.06 x 10% Lysosomes 13.5% LP 200 kVp LP 30.57%
et al [70] at24 h
15nM 6.73 x 10% 17.8% LP 200 kVp LP 46%
at 24 h
Kong 2008 10.8nm 15nM 2h MCF7, 2.96 x 10% ~5% 200 kVp/662 LP 63.5%/60%/60%
et al [71] MCF10a at 24 h keV/1.2 MV
15nM, 3.85nM 2h 1.19x 10° Cell ~10% 200 kVp/662 LP 31.7%/60%/60%
membrane at 24 h keV/1.2 MV
Roa 2009 10.8nm 15nM 2h DU145 NR 0% Cs-137 SF,=0.38
et al [72] (662 keV)
Chang 2008 13nm 11nM 18h B16F10 NR Cytoplasm NR 6 MeV DEF ~1.02
et al [79] (180 ug ml™) electrons
Chithrani 2010 14nm 1nM 24h Hela 1.5x 103 NR 220kVp DEF 1.2
et al [67] (1x10—3%) (at 10% survival)
74 nm 1nM 24h 6.0x 10° 220kVp DEF 1.25
(1x10-3%)
50nm 1nM 24h 3.0x10° 105 kVp DEF 1.66
(1x10—-3%)
50 nm 24h 220kVp DEF 1.43
50nm 24h 6 MV DEF 1.17
50nm 24h Cs-137 DEF 1.18
(662 keV)
Rahman 2009 1.9nm 0.25-1mM BAEC NR Cytoplasm 17% 80kV DEF 20 (0.5 mM)
et al [68] at 0.25mM
0.25-1mM 150 kV DEF 1.4 (0.5 mM)
0.25-1mM 6 MeV DEF 2.9 (0.5 mM)
electrons
0.25-1mM 12 MeV DEF 3.7 (0.5 mM)
electrons
Chien 2007 20nm 0.0125-2mM 24h CT-26 NR Cytoplasm 50% 1 mM 6 MeV DEF ~1.19 (1 mM)
et al [73] electrons
Liu et al [77] 2010 6.1nm 0.4-1mM CT-26, 6.5keV DEF ~2
EMT-6 synchrotron (at 50% survival,
0.5mM)
160 kVp DEF ~1.1
(at 50% survival,
0.5mM)
6 MV DEFv ~1
(at 50% survival,
0.5mM)

BAEC, bovine aortic endothelial cells; DEF, dose enhancement factor; GNP, gold nanoparticle; LP, loss of proliferation; NR, not reported; RT, radiotherapy; SF,, surviving fraction at

2 Gy.
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therapy, most patients are treated with megavoltage
photons produced by a clinical linear accelerator [74, 75].
Two recent studies have reported in vitro GNP sensitisa-
tion at megavoltage photon energies. One study used
Hela cells exposed to 50-nm citrate-coated GNPs for 24 h
with DEFs of 1.66, 1.43 and 1.17 observed with 105-kVp,
220-kVp and 6-MV X-rays, respectively [76]. Radiosen-
sitisation was less at megavoltage energies, but far
greater than MC simulations predicted. A further study
used CT-26 murine cancer cells treated with high
concentrations (500 pM) of 6.1-nm PEGylated GNPs for
48 h. Cells were irradiated with 8-keV, 160-kVp and
6-MV X-rays, achieving DEFs, of ~1.44, 1.1 and 1.32,
respectively [77]. Radiosensitisation with megavoltage
electrons has been noted in other studies, with Rahman
et al [68] reporting DEFs of 2.9 and 3.7 using 0.5mM
concentrations of 1.9nm GNPs at 6-MeV and 12-MeV
electron energies, respectively. These studies, together
with increasing evidence of GNP biological activity,
suggest that the mechanism of radiosensitisation may
involve more than simply high-Z dose enhancement.

In vivo studies

Despite the rapid increase of GNP publications in
recent years and an increasing number of in vivo studies
investigating the uptake and distribution of GNPs, there
remains a paucity of studies of in vivo radiosensitisation
with GNPs. These studies will be critical for successful
translation of this approach to the clinic.

1.9nm GNPs (Aurovist) in combination with 250 kVp
radiation were shown to prolong survival in tumour-
bearing mice [26]. In the first experiment, Balb/C mice
bearing EMT-6 murine breast cancer tumours received a
single dose of 30 Gy using 250-kVp radiation alone or in
Combmatlon with high concentrations of GNPs (1.35g of
Au kg™') injected intravenously 5 min prior to irradiation.
Radiation alone induced tumour growth delay; however,
radiation and GNPs actually led to a dramatic reduction in
tumour growth when assessed 1 month after treatment.
GNPs alone had no effect on tumour growth (Figure 6).
This encouraging result prompted a second experiment
with longer follow up in which mice received a shghtly
lower radiation dose (26 Gy) alone or with 1.35 8, of Aukg™
or2.7g of Au kg’1 GNPs. 50% (1.35g of Aukg ") and 86%
(27g of Au kg™') of GNP-exposed mice treated with
radiation survived for 1 year compared with 20% with
radiation alone and 0% with gold only or no treatment
(p<0.01) (Figure 7). Pharmacokinetics showed gold con-
centrations peaked in tumour vasculature 7 min post-
injection. GNPs cleared twice as fast from surrounding
muscle tissue as from the tumour. GNPs appeared to
accumulate more in the tumour periphery than in the main
tumour mass, with concentrations peaking at 65mg of
Aug™ of tumour. GNP concentrations shortly after injec-
tion were higher in tumours than in the liver; however,
more detailed information on biodistribution and GNP
tissue extravasation is required. In this study, surviving
mice remained alive for 1 year after treatment with no
obvious long-term toxicities.

A study investigated 5-nm GNPs coated with Gd in
mice bearing MC7-L1 murine breast cancer cells [78]. In
vitro, these GNPs showed marked cytotoxicity with a 55%
loss in colony formation in the absence of radiation and no
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Figure 6. Triangles: tumour growth after no treatment
(n=12); diamonds: gold only (n=4); circles: radiation only
(30 Gy, n=11); squares: gold and radiation (n=10). Repro-
duced with permission from Hainfeld et al [26].

radiosensitisation at concentrations up to 5 pM. The Gd
enabled in vivo monitoring of GNP biodistribution and
demonstrated maximum tumour uptake at 10 min with
a tumour-to-muscle ratio of 3:1 when 13.5mg of gold
was injected. Mice were exposed to GNPs alone or in
combination with 10 Gy 150 kVp X-rays 20 min after GNP
injection. There was no difference in survival times in the
GNP and radiation group compared with radiation alone,
with median survivals of 17 days and 14 days, respec-
tively. Chang et al [79] used 13-nm citrate-coated GNPs in
a mouse model with B16F10 murine melanoma cells.
Interestingly, little effect was noted in in vitro clonogemc
assays, with GNP concentrations of 180 ng ml™! achieving
DEFs of 1.08. Significant in vivo tumour growth delay and
increased survival were noted when 36mgkg™ GNPs
were injected 24 h before irradiation with 25 Gy of 6-MeV
electrons produced by a linear accelerator. The median
survival was shorter than in the Hainfeld study, with
median survivals of 20 days for non-irradiated mice, 5
days for radiation only and 65 days for GNP-radiation
groups. In a separate experiment, significant increases in
apoptosis were observed in mice receiving GNPs plus
radiation compared with radiation alone, as measured by
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Figure 7. Kaplan-Meier survival. Circles: no treatment or
gold alone; triangles: radiation only; squares: radiation after
1.35g of Aukg™ gold nanoparticles; diamonds: radiation
after of 2.7g of Aukg™ injection. Reproduced with permis-
sion from Hainfeld et al [26].
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Table 2. In vivo studies of GNP radiosensitisation with ionising radiation

Study Year GNP GNP dose Time to RT Cell line  Radiation Dose (Gy) Outcome measure Group Outcome p-Value
Hainfeld et al [26] 2004 1.9 nm GNP 1.35gkg™ 5 min EMT-6 250kVp 26-30 OSat1ly GNP only 0%

0gkg™ RT only 20%

1.35 g kg™ GNP+RT  50%

2.7gkg™ GNP+RT  86% 0.01
Hebert et al [78] 2008 5 nm DTDTPA-Gd  0gkg™ 20 min MC7-L1  150kVp 10 Median survival Control 9 days

0.675gkg™" GNP only 13 days

0gkg™ RT only 14 days

0.675gkg™ GNP+RT 17 days NR
Chang et al [79] 2008 13 nm citrate GNP 0gkg™" 24 h B16F10 6MeV 25 Median survival Control 20 days

0.036 gkg™ GNP only

0gkg™ RT only 55 days

0.036gkg™ GNP+RT 65 days <0.05
Hainfeld et al [69] 2010 1.9 nm GNP 0gkg™ 5 min SCCVII 68 keV 42 Doubling time (OS) RT only 53 days (25%)

1.9gkg™ GNP+RT 76 days (67%)

0gkg™ 68 keV 30 RT only 45 days (14%)

1.9gkg™ GNP+RT 44 days (14%)

0gkg™ 157 keV 44 RT only 29 days (0%)

1.9gkg™ GNP+RT 31 days (29%)  <0.05

0gkg™ 157 keV 50.6 RT only 31 days (0%)

1.9gkg™ GNP+RT 49 days (38%)  <0.05

DTDTPA, dithiolated diethylenetriaminepentaacetic; Gd, gadolinium; GNP, gold nanoparticle; NR, not reported; OS, overall survival; RT, radiotherapy.
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the terminal deoxynucleotidyl transferase dUTP nick end-
labelling assay. This study is important as it used lower
GNP doses with clinically relevant electron energies.
Biodistribution studies showed gold accumulated in
tumours after 24 h (74.24 pgmg ™" tissue), but also in the
liver and spleen (147 pgml™ and 350 pgml™, respec-
tively), suggesting uptake by the RES, which may be
reduced by PEGylation or active targeting. Hainfeld et al
[69] have recently published a further in vivo study using
1.9nm GNPs. In this study, a highly radioresistant murine
squamous cell carcinoma, SCCVII, was used in mice
irradiated with filtered photons produced in a synchro-
tron. Using 68-keV photons, significant tumour growth
delay and long-term tumour control were ob-
served when 1.9 g of Aukg™ were combined with 42-Gy
radiation compared with radiation alone. This effect was
not observed when 30 Gy of radiation was used. Similarly
with 157-keV photons, more effect was observed with
GNPs combined with 50.6 Gy than with 44 Gy. There was
no analysis of GNP tumour uptake or distribution in this
study. The results of in vivo GNP studies are summarised
in Table 2.

Gold nanoparticle clinical trials

Nanomedical research remains relatively immature
and the full clinical impact is not yet known. Many new
nanocomplexes are being developed for cancer therapy
and there is a need to translate these products to clinical
trials in a timely but safe manner. The Nanotechnology
Characterisation Laboratory (NCL) was formed in 2004
by a formal collaboration between three US federal
organisations: the National Cancer Institute, the US Food
and Drug Administration and the National Institute of
Standards and Technology [80]. It performs and stan-
dardises the pre-clinical characterisation of nanomater-
ials intended for cancer therapeutics. The NCL will
perform physicochemical in vitro and in vivo character-
isation and has tested over 180 nanomaterials to date.

The first GNP therapy to have reached early-phase
clinical trials is CYT-6091, 27-nm citrate-coated GNDPs
bound with thiolated PEG and tumour necrosis factor-o
(TNF-o) (Aurimmune; CytImmune Sciences, Rockville,
MD), which has the dual effect of increasing tumour
targeting and tumour toxicity [81]. TNF-a is a multi-
functional cytokine known to be both cytotoxic and
immunomodulatory. Previous clinical trials of TNF-u
demonstrated dose-limiting toxicities of hypotension and
nausea at concentrations of 225 pg m™2, which limited more
widespread clinical use [82]. Recent preclinical studies
compared TNF alone with citrate GNP-TNF complexes.
While TNF-related toxicity was improved, unacceptable
uptake occurred via the RES. There was a dramatic
improvement in tumour specificity when PEG-thiol was
added with active tumour uptake, plateauing at 6 h, and a
gradual reduction in liver and spleen concentrations
occurred over the same time [83]. A Phase I study of
CYT-6091 commenced in 2005, enrolling 29 patients with
solid cancers unresponsive to conventional therapies. Dose
levels of 50-600 pgm™ TNF were administered, with no
dose-limiting toxicities observed. Grade II fever, control-
lable with the use of antipyretics, was the main side effect.
The highest dose of TNF used in this trial was more than
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three times the maximally tolerated dose in historic TNF
trials. One partial response and three stable diseases were
observed, with further trials in combination with che-
motherapy now planned [84]. Intracellular GNPs were
detectable in post-treatment tumour biopsies, but not in
normal tissue. Pre-clinical studies of CYT-6091 bound with
paclitaxel (known to synergise with TNF) have demon-
strated 10 times more paclitaxel uptake in solid tumours
than paclitaxel alone [81].

A single-dose pilot study of AuroShell® particles (Nano-
spectra Biosciences, Inc., Houston, TX) given intravenously
to patients with recurrent or refractory head and neck
cancer for photothermal therapy plans to recruit 15 patients
[85]. Patients will receive IV AuroShell particles followed
by one or more interstitial illuminations with an 808-nm
laser. Post-treatment biopsies will assess nanoparticle
uptake in tumours using neutron-activated analysis [86].

Summary

GNPs have many properties that are attractive for use
in cancer therapy. They are small and can penetrate
widely throughout the body, preferentially accumulating
at tumour sites owing to the EPR effect. Importantly, they
can bind many proteins and drugs and can be actively
targeted to cancer cells overexpressing cell surface
receptors. While they are biocompatible, it is clear that
GNP preparations can be toxic in in vitro and in vivo
systems. GNPs have a high atomic number, which leads to
greater absorption of kilovoltage X-rays and provides
greater contrast than standard agents. They resonate
when exposed to the light of specific energies, producing
heat that can be used for tumour-selective photothermal
therapy. GNPs have been shown to cause radiosensitisa-
tion at kilovoltage and megavoltage photon energies. The
exact mechanism remains to be seen but it may be
physical, chemical or biological.

Many questions need to be answered before GNP
complexes enter routine clinical use. The factors that affect
GNP pharmacokinetics, biodistribution and in vivo toxicity
need to be clarified. Targeted GNPs need to exit tumour
vasculature, cross the tumour interstitium, enter cells and
potentially exit lysosomes to be effective in vivo. They must
be able to reach hypoxic cells, which lie far from the vascu-
lature, because these cells are known to be both chemore-
sistant and radioresistant. Long-term studies are required to
evaluate the toxicity and mutagenic potential of GNP RES
uptake, because particles may remain in cells for many
months. A standard approach for physicochemical char-
acterisation and pre-clinical testing needs to be implemen-
ted, and this process is being aided by the NCL. Rigorous
quality assurance needs to ensure minimal batch-to-batch
variation, especially when production is scaled up for clini-
cal use. There is huge potential to use nanoparticles in cancer
therapy. With intense global interest in nanotechnology and
particularly in nanomedicine, it is likely that many of these
questions will be addressed in the near future.
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