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ABSTRACT

The application of nanotechnology in medicine involves using nanomaterials to develop novel therapeutic
and diagnostic modalities. Given the unique physiochemical and optical properties of gold nanoparticle
(GNP) such as good biocompatibility, nontoxic nature, surface properties and comparative stability, it has
been widely studied in medicine, especially as a cancer theranostic agent.

This review focuses on recent progresses in the field of gold nanostructures in cancer treatment and diagnosis.
As far as cancer detection is concerned, several studies have indicated that GNPs can be used for X-ray, MR
and optical imaging. With regard to cancer treatment, most studies have investigated the effect of GNPs
in different treatment modalities like photothermal therapy, photodynamic therapy, sonodynamic therapy,
drug delivery, and radiotherapy.

In this paper, we have focused on reviewing the role of GNPs in improving radiotherapy efficiency as
radiosensitizers. For optimization of parameters influencing the radiosensitization of GNPs, several studies
have been undertaken in different scientific routes. We categorize these studies into three categories; Monte
Carlo simulation, cellular studies and animal studies. Finally, according to findings reported by different
researchers, the physical and biological mechanism of GNPs in generating radiosensitizing effect is discussed.
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INTRODUCTION

Nanotechnology is defined as the production
and application of materials with dimensions
in the 1-100nm range [1-3]. Over the past
decades, different nanoscale materials have been
developed with special structures and properties
for biomedical application [4]. Because of their
comparable size with  biological molecules,
nanoparticles can enter human cells and interact
with biomolecules both on the surface and inside
the cells [5]. Nanomedicine is the application of
nanotechnology in medicine that focuses on the
use of nanomaterials to develop new methods
for the diagnosis and treatment of a wide range
of diseases [5]. Advances in nanomedicine
have led to the design and synthesis of organic
and inorganic nanostructures in the form of
nanotubes, nanorods, nanowires, nanocages,
nanoshells, nanodisks and other geometries for
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biomedical applications. In recent years, a number
of nanoscale structures with special chemical,
physical and biological properties have been
proposed. With their defined geometries, surface
properties, conductivities, and susceptibility, these
structures can react to environmental factors such
as heat, light and radiation [6].

For the purpose of diagnosis and treatment
of various diseases in humans, researches around
the world are actively working on nanomedicine.
The highest share of papers on application of
nanomaterials in medicine has made by the USA
during 2001-2012 (28.8%) followed by China
(20.47%), and Japan (12.81%), respectively [7]. As
reported by the European Science and Technology
Observatory, more than 150 companies are
working on the application of nanoparticles in the
medicine to accomplish more effective diagnosisO
and treatment [8].

The leading cause of death in human societies
because of cancer is more than 760 million deaths
every year [9, 10]. As such, cancer is an area of
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particular interest in nanomedicine. According to
reports released by the National Cancer Institute
(NCI), the application of nanostructures in
medicine can make tremendous contribution to
cancer prevention, diagnosis, and treatment [11].

There are several cancer treatment methods
including surgery, chemotherapy, radiotherapy
(RT), or a combination of these three depending
on tumor size and location [12]. In addition to
these main procedures, other secondary methods
such as photodynamic therapy, thermotherapy,
sonodynamic therapy and gene therapy are
used for the treatment of cancer. Among these
methods, radiotherapy is a highly effective cancer
treatment method that is also noninvasive.
Four in ten of cancerous patients have received
radiotherapy in the course of treatment. In
radiotherapy, radiation treatment plans must
be designed so that the damage imposed on the
healthy tissue remains at a level tolerable for the
patient, while an sufficient dose is delivered to the
tumor [13]. Beam delivery methods are constantly
evolving to improve the quality of confirming
dose delivery to tumors and increase radiation
efficacy. The methods of reducing normal tissue
toxicity includes techniques such as irradiating
the patient from multiple directions, conformal
radiotherapy, intensity modulated radiotherapy
(IMRT), volumetric arc therapy (VMAT), image-
guided radiotherapy, proton radiotherapy, and
the application of radiation modifiers (protectors
and sensitizers) [14]. The new radiotherapy
technologies help deliver precise doses, which
will yield more favorable outcomes and benefit a
larger number of patients [15, 16].

In recent decades, many studies have been
undertaken on the application of organic and
inorganicnanoparticlesinall proceduresassociated
with the diagnosis and treatment of cancers. In
various fields of study, gold nanoparticles (GNPs)
have received increasing attention due to their
non-toxic nature, biological compatibility, and
special properties. In this review, firs the properties
of GNPs, synthesis, and their characterization
are explained. Then, the applications of GNPs in
various fields of cancer diagnosis and treatment
are listed and finally the augmented radiation
effect in the kilo and mega voltage energies in the
presence of GNPs is discussed.

Gold nanoparticles (GNPs)
Using gold in medicine is not unprecedented.
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Gold-based materials were used for the treatment
of syphilis, epilepsy, rheumatic, tuberculosis and
various inflammatory skin diseases, in the early
19t and 20™ centuries [17-19]. Water-soluble gold
complexes like sodium aurothiomalate (Myocrisin
TM) and aurothioglucose (Solganol TM) used for
rheumatoid and Auranofin (Ridauro TM) exhibited
great outcomes for the treatment of arthritis in
1985 [20].

The physical and chemical properties of GNPs
are different dependent on their size and shape. In
brief, there are three ways to synthesize GNPs: (a)
physical methods, (b) chemical methods, and (c)
biological methods [20]. In the synthesized stage,
GNPs structures can take the form of nanotubes,
nanorods, nanowires, nanocages, nanoshells,
nanodisks, and some other geometries [21]. With
a size in the range of cellular organelles, they can
interact with cellular structures, and therefore
have various medical applications in disease
diagnosis and treatment [22].

Given the unique properties of GNPs,
they have been utilized in recent years for the
diagnosis and treatment of cancer in different
fields such as cancer cell imaging, photothermal,
photodynamic,and sonodynamic therapies, drug
delivery, and radiotherapy. Special properties of
GNPS are listed below:

e Facile synthesis in different sizes and shapes
[23].

e Surface properties of GNPs: Due to the
reactivity tendency of GNPs with thiol and amino
compounds, several biological ligands, such as
DNA, peptides, proteins, antibodies, and viruses
can be used for coating the surface of GNPs [20].
e Optical features of GNPs: There isa phenomenon
related to the surface metal nanoparticles called
Surface Plasmon Resonance (SPR), from which
the unique optical properties of GNPs originate
[24]. SPR occurs due to the oscillation of valence
electrons in a solid when they are irradiated by
light. After the absorption of light in nanoparticles,
the photons have been emitted with the same
frequency in all directions [25]. The SPR properties
of GNPs allows them to absorb light in near-
infrared (NIR) and visible regions. This property
of GNPs can be used in photothermal therapy and
some modalities of optical imaging.

e Good biocompatibility

e Nontoxic nature

e Comparative stability [26]

e Desirable uptake by mammalian cells via
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endocytosis [27]

e Low osmolality, even at high concentrations [28,
29]

e Low viscosity, which allows convenient injection
even into small vessels [29]

e High absorption coefficient, high density
and high atomic number make them an ideal
agent for the diagnostic and treatment stages of
radiotherapy.

After GNPs are synthesized, they can be readily
characterized by several methods including:

1. Take size distribution by Dynamic Light Scattering
(DLS) instrument

2.Ultraviolet-visible (UV-Visible) spectrophotometry
for assessing optical and electric properties
of nanoparticles. The maximum absorbance
wavelength and optical density are dependent on
particles size and their concentration in a given
solution [24]. The UV-visible spectroscopy is used
for size verification and stability assessment of
GNPs following their synthesis.

3.Direct imaging of GNPs to control features
such as size, morphology and surface coating by
Transmission Electron Microscopy (TEM) and
Atomic Force Microscopy (AFM) [2].

4 X-ray Photoelectron Spectroscopy (XPS) for the
surface characterization of GNPs [30].

In light of these unique properties, GNPs have
been extensively studied in various fields of cancer
diagnosis and treatment. The special properties of
GNPs are listed in Fig 1.

Different shapes

Easy characterization

by several methods \
Special

Comparative stability ——{ Properties =
. ofGNPs /

High biocompatibility
with low toxicity

Different sizes

High reactivity of
surface

Unique optical
properties

Low esmolality and
viscosity

Fig 1. Unique properties of GNPs

Novel approaches to GNPs for cancer diagnosis
and treatment
Application of GNPs in imaging as contrast agents
Recent studies have shown that GNPs can
enhance the accuracy of diagnosis and stage
of cancer by improving the quality of different
imaging modalities such as X-ray imaging
(mammography [31], CT scan [32, 33]), MRI, and
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cancer optical imaging [4, 5, 34-38].

X-ray imaging

The X-ray imaging is founded upon tissue mass
absorption coefficient. In kV energies used for
X-ray imaging, there is a dominant photoelectric
effect related to photon energy (E) and atomic
number of materials (Z) via (Z/E) 3 [28]. One of
the major X-ray imaging methods is Computed
Tomography (CT) that is usually associated with a
contrast agent.

For the tumor diagnosis, CT scan is performed
with an contrast agent (commonly iodine) that
increases tumor volumetric accuracy and stage
determination by improving photoelectric effect
[2]. The contrast agent in X-ray imaging is basically
used to increase the attenuation coefficient, which
is in turn dependent on the electron density and
atomic number of the matter. The clinical CT
contrast agentisiodine with an atomic number and
electron density of 53 and 4.9 g/cm?, respectively.
In comparison, gold with an atomic number and
electron density of 79 and 19.32 g/cm?® has a
higher absorption rate than iodine with improved
contrast and lower dose. It has been shown that
with 100 keV energy, gold can improve the image
contrast up to three times in comparison to iodine
[31]. Heinfeld et al. studied 1.9 nm GNPs under
in vivo conditions, demonstrating the superior
contrast of iodine with 22-kVp mammography
unit. Further, gold nanorod with a size of 45x15
nm exhibited that the attenuation coefficient
of targeted cells was five times higher than that
of untargeted cancer cells or normal cells at 80
kVp energies. Hainfeld et al. demonstrated the
positive effect of GNPs on in vivo vascular contrast
enhancement [31]. Other studies have reported
that 30 nm of polyethylene glycol (PEG) coated
with GNPs can increase image contrast, while
overcoming limitations of conventional CT contrast
agent (lodine compounds), such as low reactivity
to bondage with most biological components
or cancer markers, rapid clearance by kidneys
that leads to an unsuitable short imaging time,
renal toxicity, and vascular permeation [39]. PEG
attachment to GNPS helps increase their passive
targeting as PEGylation restricts interaction with
cells and increases the circulation time of NPs,
which offer more time for imaging [25]. Beik et al.
reported decreased radiation dose and enhanced
image contrast by using folic acid-modified GNPs
in molecular CT imaging of nasopharyngeal KB
cancer cells [40]. In another cellular study by
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Khademi et al., the multifunctional cysteamine-
folic acid conjugated with GNPs revealed greater
X-ray attenuation coefficient compared to iodine-
based contrast agent for the same concentration
of tumor molecular CT imaging [41].

MRI

Several paramagnetic nanoparticles have been
used for Magnetic Resonance (MR) imaging both
in clinical practice and research. Recently, Au.Cul
nanoshells were proposed as magnetic resonance
imaging (MRI) contrast agent for blood vessels in
many in vivo studies, which suggests their potential
use as blood contrast agents in MR angiography
[5]. Hybrid NPs with super-paramagneticiron oxide
as the core of nanoparticles and gold as the shell
of nanoparticles have been used as dual contrast
agents for CT and MRI due to high attenuation of
CT and good MR signals [42]. In other studies, the
new GNP bonded with gadolinium (Gd) succeeded
in increasing image contrast of CT due to the
high-Z of gold and MRI by using Gd as a contrast
agent for MR imaging [43].

Optical imaging

There are several methods for using optical
properties of GNPs in optical imaging of cells
and tissues including two-photon luminescence,
Raman spectroscopy, dark field light scattering,
optical coherent tomography, and photoacostic
imaging [44].

Loo et al. utilized near-infrared light scattering
of gold nanoshells as a contrast agent to detect a
molecular marker called human epidermal growth
factor receptor 2 (HER2) inserted in the breast
cancer cells using the dark-field microscopy [45].
Also, Bickford et al. showed that this structure is
a suitable contrast agent for imaging liver HER2-
overexpressing cancer cells using the two-photon
microscopy [46].A special imaging modality
that can provide sectional images of a biological
sample with high resolution is the Optical
Coherence Tomography (OCT). Gobin et al.showed
that scattering is escalated in the present of Au-
nanoshells, and it can provide an enhanced
optical contrast image for accurate determination
of tumor in mice [47].Photoacoustic imaging
modality is another method that enables precise
cancer diagnosis in early stages. This method
integrates both optical and ultrasound imaging
modalities [48-50]. It is based on irradiation of
biological samples or tissues by short pulses
of electromagnetic irradiation in its absorption
range, leading to elevated temperature and local
pressure, which can generate detectable acoustic
waves [51-53].Motamedi et al. revealed that gold
nanorods can enhance the diagnostic power of
laser photoacoustic imaging system [54].

Au-nanocages have been reported to produce
more detailed images of vascular structures as
it enhances the contrast between blood and the
surrounding tissues up to 81%.

Applications of GNPsin cancer imaging
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Fig 2. Applications of GNPs in cancer imaging
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Additionally, it has been reported that
nanocage-shaped GNPs have larger optical
absorption cross-sections than gold nanosells and
are more suited for in vivo applications [55].

Application of GNPs in cancer treatment
Drug delivery

The ability of NPs as drug delivery systems
in carrying drugs is 10 to 100 times higher than
molecular administration of drugs to the vicinity
of tumors to improve diagnostic and therapeutic
applications [11]. In addition, the drug circulation
time within NPs can be increased due to fewer
uptakes by the reticula-endothelial system
(RES), and it can augment the uptake of drugs
by tumor cells [56, 57]. Due to features such as
biocompatibility, nontoxicity nature and strong
affinity, GNPs surface can be used for active
targeting of tumors using ligands, antibodies, and
biomarkers that are capable of specific binding
to tumors. Site-specific delivery of cytotoxic
drugs can improve diagnosis and treatment while
diminishing adverse side effects [20, 58]. Some
studies have reported the use of GNPs to deliver
anti-cancer drugs including methotrexate [59],
tamoxifen [60], paclitaxel [61], as well as platinum-
based drugs such as cisplatin, and oxaliplatin to
improve therapeutic efficiency [62, 63].

Photodynamic therapy

Photodynamic therapy (PDT) is a novel method
for cancer therapy [13, 57]. The PDT is based on
using a type of photosensitizer that becomes
excited after light irradiation. Reactive Oxygen
Species (ROS) is generated after light irradiation
due to the transfer of energy to surroundings
[20]. Conventionally, clinical photosensitizing
agents (porphyrins and phthalocyanines) are
hydrophobic, unable to enter cells duo to the lipid
membranes. Therefore, they need a proper carrier
that can enter cancer cells without changing the
agent. In fact, in photodynamic therapy studies,
nanoparticles function as a carrier for the delivery
of photosensitizer drugs [64]. In addition, the
binding of nanoparticles to photosensitizing
molecules can elevate ROS generation [65-67].

Some studies have shown that GNPs
conjugated to photosensitizer agents can improve
the efficiency of PDT [57, 65, 68]. Khaing et al.
reported that the use of 5-aminolevulinic acid (5-
ALA) bonded with GNPs can enhance the uptake
rate of 5-ALA in comparison with free 5- ALA by
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fibrosarcoma cells. It was reported to induce a
two-fold increase in the ROS production [65]. Also,
Mohammadi et al. reported that the presence
of GNPs (34nm) bonded with 5-ALA leads to
further uptake of 5-ALA photosensitizer drug by
melanoma cells in comparison to 5-ALA alone
in PDT. The results of an in vivo study suggested
that the use of a designed gold nanoconjugate
with 5-ALA would increase the efficiency of PDT
compared to free 5-ALA [68]. In different delivery
systems, GNPs covered by the PEG layer exhibit
the highest efficiency for PDT drug delivery [64].

Photothermal therapy

The absorption of light in the visible and
NIR region by GNPs renders them an excellent
candidate for photothermal therapy (PTT). In
the PTT method, the temperature rises due to
the heat generation by GNPs, which can lead to
cell death at temperatures above 50 °C [26]. The
temperature rise and absorption of light in NIR
region is more than the visible region. Irradiation
with NIR light excites electrons at different atomic
levels, at come back to stable state; they emit the
energy as heat, which can raise the temperature
of its surrounding. Scattering and absorption
in the NIR region are a function of the shape of
GNPs. Photothermal studies with GNPs have
demonstrated that GNPs shaped as nanorode,
nanocages, and nanoshells have absorption
peaks in NIR region, but spherical GNPs peak in
the visible region at 530 nm [25]. The results of
several studies have shown that gold nanospheres
are not as efficient as other shapes in terms of
photothermia because absorbance peak is in
the visible rather than NIR region [26]. Different
cancer cell lines of epithelial, breast, and colon
have been successfully treated by the PTT method
in the presence of GNPs, both under in vitro and
in vivo conditions [69-71]. Hirsch et al. reported
the use of silica nanoparticles coated with gold
nanoshell under in vitro and in vivo conditions for
the treatment of human breast cancer cells by NIR
PTT [72]. In the study of Ghahremani et al. Saos-2
cells death soared in the presence of GNPs due to
microwave exposure. They reported the size and
concentration increase of GNPs were key factors
responsible for improved efficiency of thermal
therapy by microwave radiation [73]. In another
study undertaken by Mehdizade et al., the mouth
epidermal carcinoma cells (KB cells) was treated
with laser irradiation in combination with folate-
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conjugated gold nanorods [74]. Salem et al.
utilized the 5-FU-loaded chitosan-wrapped GNPs
with laser irradiation for human hepatocellular
carcinoma cells (HepG2). After 20 min laser
exposure, the 5-FU-GNPs showed enhanced light
absorption with highly efficient photothermal
conversion, which led to a seven-fold decrease in
the IC50 value [75].

Sonodynamic therapy

Sonodynamic Therapy (SDT) is a noninvasive
method of cancer treatment that uses ultrasound
[76,77].InSDT, the accumulation of sonosensitizing
agents in tumors followed by ultrasonic exposure
can trigger cavitation phenomenon [27, 78].
There are two stable and transient modes
for acoustic cavitation. As a result of acoustic
cavitation phenomenon, ultrasound waves with
high intensity and low frequency possess great
curative potentials [79]. In the course of transient
cavitation, bubbles grow several times larger than
their initial size and suddenly collapse. Therefore,
high mechanical and physiological stresses applied
to the surrounding area can be exploited to destroy
cancer cells [80, 81].

Several studies have investigated SDT in the
presence of GNPs. Sazgarnia et al. reported that
ultrasound irradiation had an insignificant effect
on tumor, but the effect was enhanced with GNPs
in an in vivo study with CT26 cell line.

A significant difference was observed between
SDT+GNPs group and other groups 13 days after
treatment in terms of tumor volumes [27].

In another study, the cavitation potential of
GNPs was investigated in the terephthalic acid
solution, with the results suggesting that GNPs
can function as a cavitation site and elevate the
cavitation rate [82].

Radio-Sensitizer in radiotherapy

Almost 60% of cancer patients go through
radiotherapy during their treatment [83]. An
important clinical method to reduce the effect of
radiation on normal tissues and improve cell killing
in tumors involves the application of radiation
modifiers agents (protectors and sensitizers) prior
to or shortly after radiation exposure [14].

From a physical perspective, high atomic
number compounds containing elements such as
iodine, which are used as contrast agents, can also
actasaradio-sensitizer. Unfortunately, they cannot
be absorb selectively by cancer cells. Furthermore,
they may produce numerous side effects such as
anaphylactic shock, hypersensitivity, kidney failure,
and selective iodine uptake within the thyroid
gland [84]. A variety of inorganic nanoparticles
such as platinum, silver, gadolinium and gold have
been studied as radio sensitizers in recent years.
Unique properties of GNPs, particularly their
nontoxic nature and high atomic number, have

Applications of GNPsin cancer treatment
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made them an appropriate candidate for radio-
sensitizers. The effect of GNPs as radiosensitizer
has been investigated through simulation under in
vitroand in vivo conditions at low and high energies
in several studies. We will further elaborate on this
subject in the following sections.

In all GNPs applications, prior to their
application in clinical settings as drug, their
toxicity and health impact on targeted and normal
tissues must be investigated. It is essential to study
toxicity and uptake of GNPs because GNPs are
extensively used in different medical applications.
We reviewed cellular and animal studies on the
toxicity and uptake of GNPs in a recent article.
Different in vitro and in vivo studies have shown
that the uptake of GNPs by cells and their toxicity
depend on several factors such as size, shape,
surface properties of GNPs, and cell types. For
more information about the factors affecting
the uptake and toxicity of GNPs, refer to the last
reviewed article. [85]

Diverse applications of GNPs in cancer
treatment have been summarized in Fig 3.The
following sections describe the application of
GNPs as a radiosensitizer in radiotherapy.

Effect of GNP as a radiosensitizer in radiotherapy

The size, shape, concentration, and surface
coating of GNPs are important factors that
influence their application as a radiosensitizer.
Understanding GNPs interaction with ionizing
radiation with different energies coupled with the
type and energy of secondary particles released
after interaction (e.g. secondary electrons, Auger
electrons, photoelectrons, and the secondary low
energy photons) enables the development of GNPs
that are well suited for radiotherapy.Many studies
have investigated and optimized parameters
affecting the radiosensitivity of GNPs in different
routes including Monte Carlo simulation, cellular
research and animal studies.

Simulation studies

Following the interaction of photons with
GNPs, a series of secondary electrons including
photoelectrons, Compton electrons and a shower
of Auger electrons are produced. This can increase
absorbed dose in the surrounding of GNPs. In
the Monte Carlo studies, the effects of different
parameters are explored to find optimal physical
characteristics of GNPs. In other simulation
studies, the size of GNPs and its effect on dose
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enhancement has been investigated at different
energies.

McMahon et al. evaluated dose enhancement
in the presence of a single GNP (at different sizes
ranging from 2 to 50 nm) in water after irradiation
by monoenergetic X-rays of 20 to 150 keV. They
reported that smaller GNPs can deposit at a
higher dose in the vicinity of particle due to their
greater surface to volume ratio, so that the energy
deposited by GNPs of 2 nm in their vicinity is two
times greater. The results of this study suggested
that low energy Auger electrons are responsible
for increased dose enhancement in the presence
of GNPs [86].

According to Chow et al., the distribution of
low energy electrons produced after interaction
with photon beams at 35, 73, and 660 keV energies
does not change significantly; however, the share
of high energy electrons with higher penetration
power increases at higher photon energies. The
results of this simulation study exhibited that the
range of low energy electrons is dependent on the
energy of first photon beam, and for photons of
660 keV, the secondary electrons can spread 100
times more than photons of 35 keV. In conclusion,
the interaction of higher photon energies takes
place at a larger volume [87]. In other words, dose
deposition in the vicinity of GNPs is not dependent
on the energy of photon beams due to the same
low energy distribution, but at greater distances,
it depends on the energy generated by secondary
electrons with higher energy.

In another study, different brachytherapy
sources of 19 pd, 125 |, % Yp, 192 |r and external
radiations of 300 kVp and 6 MV were evaluated in
combination with GNPs at sizes of 1.9, 5, 30, and
100 nm. Results of the Monte Carlo simulation
illustrated escalated photoelectric interactions in
GNPs for lower energy radiations and larger GNPs.
However, smaller particles induced a greater
deposited dose in the simulated tumor, which
could be attributed to the escape of more low-
energy electrons into the surrounding medium
containing GNPs [88]. In the study of Chow et al.,
dose deposition via mono-energetic electrons of
50 keV, 250 keV, 1 MeV and 4 MeV was evaluated
in the presence of spherical GNPs that were
2, 50 and 100 nm in diameter in the water. The
results showed that the mean range of secondary
electrons increased with an increase in electron
beam energy and GNP size [87].

The impact of nanoparticles on dose
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enhancement has been evaluated with 30 mg/ml
gadolinium and GNPs in the simulated tumors. The
simulation was performed with sources of ®Co,
198AU, 1921, 19Yb. Accordingly, a dose enhancement
in the range of 0.5-106.1 % and 0.4-153.1 % was
reported for gadolinium and gold nanoparticles,
respectively. In other simulation parameters
(photon energy of the beam, concentration of
nanoparticles in the simulated tumor, and tumor
distance from the center of water phantom), the
effect of GNPs on elevating absorbed dose in the
surrounding medium was higher than gadolinium
nanoparticles [89].

In the study of Mesbahi et al., the effect of GNPs
of different sizes (30, 50, and 100 nm) on energy
deposition was investigated as a macroscopic dose
enhancement factor (DEF). They simulated mono-
energetic X-ray beams (50-120 keV), Cobalt®®
beam, and 6 & 18 MV photonic beams. For kilo-
voltage beams, DEF was reported in the range of
1.4 to 3.7, but for the megavoltage energies, it was
significantly lower than kilo-voltage beams for all
GNP sizes and concentrations. highest most DEF
was found in 90 keV X-ray beam [90]. Cho et al.
demonstrated the dose enhancement in a tumor
with 140 kVp X-ray radiation can increase by a
factor of 2. The dose enhancement in tumor region
was in the range of 1 to 7% for 4 and 6 MV photon
beams and 5 to 31% for the *2Ir source [91].

In the study of Roeske et al., 0.5 - 0.8% DEF
was reported for 18 MV in comparison with 6 MV
beams, which can be attributed to the presence
of pair-production interaction [92]. Jones et al.
showed that the microscopic deposition dose
around GNPs was increased by factors of 10-
1000 at a distance of 30 um from GNP surface
for low energy photon compared to a factor of 10
for 6 MV photons [93]. Pakravan et al. observed
a weak relationship between nanoparticle size
and dose enhancement for high energy photons.
They reported that it was mainly affected by the
concentration rather than size of nanoparticles.
They also analyzed the impact of flattening filter
on radiosensitization effect of GNPs, reporting that
tumor dose enhancement with and without the
flattening filter was 1-5 and 3-10%, respectively.
The beam-related DEF without flattening filter
was larger than the flattened beam. This can be
explained by the fact that the beam without
flattening filter contains more low energy photons
than the flattened beam, which increases the
probability of photoelectric interactions [93].
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According to Anijdan et al., the maximum DEF
obtained in the presence of GNPs (50 nm) with 18
megavoltage (MV) beams is about 12%. It seems
that DEF value is strongly correlated with size,
concentration, position, and geometry of GNPs
distribution in terms of tumor volume [94].

In vitro studies

As suggested by the vast majority of studies
in this field, it seems that the impact of radiation
on cells in the presence of GNPs is variable. It
depends on several parameters such as size,
shape, concentration, surface properties of GNPs,
cell type, and beam energy.

For GNPs that are 14, 50, and 74 nm in size,
the Radiosensitization Enhancement Factor (REF)
was estimated at 1.20, 1.43, and 1.26, respectively
at 220 kVp X-ray. In the presence of 50-nm GNPs
with 105 kVp and 6-MV photons, the lowest and
highest REF were 1.66 and 1.17, respectively [95].

Kong et al. explored various parameters
including surface properties of GNPs, cell type
and photon energy in their study. The radiation
treatment of MCF-7 cells by 200-kVp photon
beams in the presence of glucose-coated GNPs
(Glu-GNPs) and cysteamine-coated GNPs (AET-
GNPs) boosted radiation cytotoxicity by 63.5%
and 31.7% for Glu-GNP and AET-GNP respectively
in comparison with irradiation alone. It appears
that dose enhancement is dependent on surface
coating of GNPs. The cell type is an important
factor that should be taken into account. After
irradiation in the presence of Glu-GNP under
similar conditions, the cell viability of MCF-7 cells
dropped to 40%, while no significant changes
occurred in normal MCF-10A cells (p>0.05). The
results of this study showed the GNPs wielded
influence only on radio sensitivity of cancer cells,
but normal breast cells were unaffected. In the
evaluation of photon energy, 200- kVp X-rays
radiations improve radiation sensitivity up to
30% for AET-GNPs and 60% for Glu-GNPs, %Cs
g-rays with ®Co g-rays demonstrating smaller
enhancement (12.7 and 13.1%, respectively) [96].

The radiosensitivity enhancement of bovine
aortic endothelial cells has been investigated
by superficial X-ray and megavoltage electron
radiation beams at 1 mM concentration of GNPs.
The results have been shown to be a function
of radiation type and energy as well as GNP
concentration. The effect of radiation increases
by 25 times for superficial X-ray beam, though it
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is not significant for 6-MeV electron beam in the
presence of GNPs [17].

Jain et al. investigated the effect of radiation
on breast cancer cells of MDA-MB-231, prostate
cancer DU145 cells, and normal L132 in
combination with 1.9 nm GNPs. Their findings
exhibited the sensitization enhancement is cell
specific, as observed in MDA-MB-231 cells by
radiation sensitizer enhancement ratios (SERs)
of 1.41, 1.29, and 1.16 for photons of 160 kVp, 6
MV, and 15 MV, respectively. Despite the uptake
of GNPs in all cell lines, there was no significant
change in DU145 and L132 cells at kV or MV
energies (SER 0.97-1.08) [97]. In another study,
Hela cells were exposed to 105 kVp, 220 kVp, and
6 MV X rays after incubation with 50 nm GNPs
for 24 h and DEFs of 1.66, 1.43, and 1.17 were
achieved respectively [11]. The radiation of CT26
murine cancer cells in high concentrations of 6.1
nm GNPs covered with PEG layer was the subject
of another research. Accordingly, they estimated
DEFs of ~ 1.44, 1.1, and 1.32 for 8 keV, 160 kVp,
and 6 MV X-ray beams, respectively. In this
research the sensitizing improvement was higher
than the previous two studies. It revealed that the
concentration of GNPs was an important factor
[98].

In the study Zhang et al., the intracellular
uptake of simple GNPs and Glu-GNPs by prostate
cancer cells induced a growth inhibition of 30.57
and 45.97%, respectively, as compared to a
growth inhibition of 15.88% in the group with
radiation alone. The evaluation of GNPs properties
indicated that Glu-GNPs inducedl.5 to 2-fold
irradiation cytotoxicity enhancement compared to
simple GNPs [99].

Based on preliminary clonogenic survival
results, Sim et al. reported that GNPs (50nm),
with a PEG layer used to increase their
biocompatibility and stability, can induce DEFs
that are approximately two times greater than
LNCaP human prostate cancer cells with 6 MV
irradiation [100]. Wang et al. observed the uptake
of 13 nm Glu-GNPs by lung-cancer cells (A549) can
induce an SER of 1.49 in cells after irradiation with
6 MV X-rays [12]. Another evaluation of Glu-GNPs
radiosensitization effect on MDA-MB-231 cells
showed that 49-nm Glu-GNPs produced an SER of
1.86, which was stronger than the effect of 16-nm
Glu-GNPs with an SER of 1.49 [101].

Jain et al. compared the radiosensitivity of
1.9 nm GNPs on prostate cancer (DU145), breast
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cancer (MDA), and normal lung (L132) cell lines
after irradiation with 160 kVp and 6-15 MV
megavoltage photons. They demonstrated that
GNPs could provoke significant sensitization at 160
kVp and 6 MV just in MDA cells. The DEFs for this
cell line were estimated at 1.41, 1.29 and 1.16 for
160 kVp, 6 and 15 MV, respectively [102]. It has
been shown that GNPs coated with thioglucose
can be used as a radiosensitizer to enhance the
radiotherapy efficiency of human ovarian cancer
cells (SK-OV-3). The presence of 14.37 nm Glu-
GNPs in SK-OV-3 cells enhanced cell proliferation
inhibition by 30.48% for 90 kVp and 26.88% for 6
MV irradiation [30].

Neshastehrize et al. reported the folate
conjugated GNPs radiosensitization in MV
energies even at low concentrations (103). In the
study of Soleymanifard et al, the radiosensitivity
of two human lung (QU-DB) and breast (MCF7)
cancer cell lines was improved in the presence of
thioglucose GNPs for both 100 KV and 6MV X-rays
radiations [104].

In vivo studies

In one of the pioneering studies, Heinfeld
et al. utilized 1.9 nm GNPs that was injected
intravenously into mammary tumor-bearing mice
5 min before irradiation with 250 kVp X-ray. The
investigation of pharmacokinetics illustrated that
gold concentrations reached its maximum in tumor
7 min after injection. They reported that GNPs
alone had no effect on tumor growth. On the other
hand, they did not induce any toxicity in the tumor
tissue. However, the presence of GNPs led to a
significant reduction in tumor growth and a one-
year survival of 86% compared to 20% for X-rays
alone [105]. Chang et al. investigated the effect of
13-nm GNPs (intravenously 24 h after injection)
on melanoma tumor-bearing mice (B16F10) in
conjunction with a single dose of 25Gy of 6MeV
electron beam. The result suggested that the
number of apoptotic cells in the animals receiving
GNP plus radiation was twice greater than that of
animals receiving radiation alone [106].

In another in vivo study, 50 nm GNPs was
applied to a growing melanoma tumor before 6
and 18 MV X-ray radiations. The average tumor
volume after various treatment modalities was
significantly different between control and
treatment groups. Contrary to the above studies,
this difference was not significant between groups
receiving radiation only and radiation with GNPs
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[107]. Hainfeld et al. used murine squamous cell
carcinoma (SCCVII), which is a high radio-resistant
cell line, for in vivo evaluation of mice irradiated
by 1.9 nm GNPs with filtered photons produced in
a synchrotron. For the same radiation doses, the
tumor growth delay and long-term tumor control
in 68 keV was more effective than that of 157 keV
when GNPs were combined with radiation, as
compared with radiation alone. They concluded
that GNPs impacted the radiation therapy of
radioresistant cancer cells [23].

Hebret et al. reported a maximum tumor
uptake of 5-nm in MRI detectable gadolinium-
coated GNPs obtained 10 min after injection with
a tumor-to-surrounding ratio of 3:1. In this study,
the mice bearing MC7-L1 murine breast cancer
cells were exposed to 150 kVp X-rays beam.
They did not observed any significant difference
between the survival time of the groups receiving
GNPs-radiation (of 17 days) and radiation alone
(14 days) [108].

Mechanism of GNPs radiosensitization

According to the above studies, the impact
mechanism of GNPs as a radiosensitizer can be
investigated from a physical or biological aspect.

Physical mechanisms

» Photoelectric effect: The interaction of a
matter with radiation is highly dependent on
photon beam energy. For low-energy superficial
photons (< 50 keV), the photoelectric effect is
dominant for soft tissues that deposited the
highest energy in interaction surroundings. By
using heavy NPs like GNPs, it is possible to boost
photoelectric effect, which consequently results in
dose enhancement.

» Compton interaction: For energies in the
range of 50 keV-10 MeV, the Compton interaction
is dominant, as it can produce low-energy
secondary electrons. The cross-section of Compton
interactions is not dependent on atomic number,
and the contribution of this interaction type is not
promoted in the presence of heavy NPs. Since the
Compton scattering is not dependent on atomic
number for high-energy photons of > 50keV, the
GNPs accumulated in tumor do not exert any
effect on dose enhancement based on physical
interactions [109].

» Production of auger electrons: Several Auger
emissions may occur simultaneously from inner
shell ionization in a process called Auger cascade.
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The electrons produced by Auger cascade usually
possess energies in the range of a few keV or less,
with penetrations that typically range from 10 to
100 nm [110]. As a result, electrons deposit their
energy locally. This highly localized deposition of
energy is comparable to that of ion therapy. The
biological effect was first described using the local
effect model developed to link the ion-induced
radiation track structure to the biological effect
[86, 111]. This highly localized deposition of energy
is one of the main features of heavy nanoparticles
[102]. The simulation studies showed that the
share of Auger electrons in dose deposition is
strongly dependent to the size of NPs with smaller
NPs having higher efficacy due to larger surface-
area-to-volume ratio.

Dose enhancement in the presence of GNPs
in MV energies can be attributed to greater
production of low-energy Auger electrons.
However, dose enhancement in experimental
studies was higher than that of simulation studies,
which could be due to incorporation of the
biological impact of GNPs in their physical effects.

Biological effects

In almost all studies, enhancement factors at
MV energies were lower than kV photon beams,
but still far greater than MC simulations, which is
due to the biological effect of GNPs. The biological
effects of GNPs can be considered from different
aspects. Here, we have summarized them in four
categories.
» Cell phase arrest: Several studies have shown
that GNPs can influence cell cycle by activation
of CDK kinase, leading to the acceleration of cell
cycle in the GO/G1 phase and the arrest of cells in
the G2/M phase. Accumulation of cell population
in G2/M phase which is the most radiosensitive
phase of cell cycle, incurs more extensive DNA
damage [9, 12, 30, 101].
» Gene expression: It has been reported that
GNPs may wield influence on the expression
of critical proteins, which encompass factors
in apoptosis pathway such as Bcl-2, Bax and
caspase 3. Irradiation in the presence of GNPs
disrupts balance between Bcl-2 and Bax by the
deregulation of Bcl-2 gene family and upregulation
of Bax gene family, which play anti-apoptotic and
pro-apoptotic roles, respectively. Moreover, the
caspase 3 is the most important factor in the death
receptor pathway of apoptosis in the caspase
family, and the presence of GNPs can influence its
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activation [12].

> Increase of the reactive oxygen species (ROS)
Production: The irradiation of GNPs is followed by
the production of free radicals from gold atoms.
Free radicals have high reactivity power that
can generate ROS molecules [112, 113]. Geng
et al. reported the enhancement of intracellular
RO generation for both 90 kVp and 6 MV X-ray
radiations in human ovarian cancer cells (SKOV-
3) in the presence of Glu-GNPs. They concluded
that higher production of ROS in the interaction
of radiation with GNP was a major mechanism
underpinning GNPs radiosensitivity [30].

» Reduction of angiogenesis in animal models:
Angiogenesis is a physiological process through
which new blood vessels are generated to
supply nutrition and oxygen required by new
cells. Angiogenesis is essential for the growth
and progression of tumors [114, 115]. The in
vivo model of nude mouse ear demonstrated a
reduction in angiogenesis [114].

CONCLUSION

Thanks to their special properties, GNPs have
received increasing attention in the field of cancer
detection and treatment in recent years. In this
review paper, we summarized different aspects of
GNPs applications as a cancer theranostic agent
in various diagnostic and treatment modalities.
Studies have shown that GNPs can be helpful in
different imaging modalities of X-ray, MRI, and
optical imaging. On top of that, they can improve
the efficiency of cancer treatment in drug delivery,
photodynamic therapy, photothermal therapy,
sonodynamic therapy, and radiotherapy.

GNPs act as a radiosensitizer by inducing
several physical and biological effects. Under
radiation with kV energies, they can increase
the photoelectric effect, but their biological
effect on dose enhancement is escalated in the
presence of MV energies. The bulk of studies have
demonstrated that GNPs can play an influential
role in cancer theranostic applications.

REFERENCES

1.Sezgin E, Karatas O, Cam D, Sur I, Sayin I, Avci E. Interaction
of gold nanoparticles with living cells. Sigma. 2008; 26: 227-
246.

2.Jain S, Hirst D, O’sullivan J. Gold nanoparticles as novel agents
for cancer therapy. Brit ] Radiol. 2012; 85(1010): 101-113.

3.Mansoori GA, Brandenburg KS, Shakeri-Zadeh A. A
comparative study of two folate-conjugated gold
nanoparticles for cancer nanotechnology applications.

Nanomed. J. 6(3): 147-160, Summer 2019

Cancers. 2010; 2(4): 1911-1928.

4Huang X, Jain PK, El-Sayed IH, El-Sayed MA. Gold
nanoparticles: interesting optical properties and
recent applications in cancer diagnostics and therapy.
Nanomedicine. 2007;2(5):681-693.

5.Cai W, Gao T, Hong H, Sun J. Applications of gold
nanoparticles in cancer nanotechnology. Nanotechnol Sci
Appl. 2008; 1: 17.

6.Malugin A, Ghandehari H. Cellular uptake and toxicity of gold
nanoparticles in prostate cancer cells: a comparative study
of rods and spheres. ] Appl Toxicol. 2010; 30(3): 212-217.

7.Grace M, Jeyshankar R. Nanotechnology in Medicine: A
Scientometric analysis. Indian J Sci. 2015; 21(74): 479-485.

8.Wagner V, Dullaart A, Bock A-K, Zweck A. The emerging
nanomedicine landscape. Nat Biotechnol. 2006; 24(10):
1211.

9.5u X-Y, Liu P-D, Wu H, Gu N. Enhancement of
radiosensitization by metal-based nanoparticles in cancer
radiation therapy. Cancer Biol Med. 2014; 11(2): 86.

10.Conde J, Doria G, Baptista P. Noble metal nanoparticles
applications in cancer. ] Drug Deliv. 2012; 2012.

11.Park K, Lee S, Kang E, Kim K, Choi K, Kwon IC. New
generation of multifunctional nanoparticles for cancer
imaging and therapy. Adv Funct Mater. 2009; 19(10): 1553-
1566.

12.Wang C, Li X, Wang Y, Liu Z, Fu L, Hu L. Enhancement of
radiation effect and increase of apoptosis in lung cancer cells
by thio-glucose-bound gold nanoparticles at megavoltage
radiation energies. ] Nanopart Res. 2013; 15(5): 1642.

13.Kobayashi K, Usami N, Porcel E, Lacombe S, Le Sech C.
Enhancement of radiation effect by heavy elements. Mutat
Res. 2010; 704(1-3): 123-131.

14.Citrin D, Cotrim AP, Hyodo E Baum BJ, Krishna MC,
Mitchell JB. Radioprotectors and mitigators of radiation-
induced normal tissue injury. Oncologist. 2010; 15(4): 360-
371.

15.McMahon §J, Paganetti H, Prise KM. Optimising element
choice for nanoparticle radiosensitisers. Nanoscale. 2016;
8(1): 581-589.

16.Marcazzan S, Varoni EM, Blanco E, Lodi G, Ferrari M.
Nanomedicine, an emerging therapeutic strategy for oral
cancer therapy. Oral Oncol. 2018; 76: 1-7.

17.Rahman WN, Bishara N, Ackerly T, He CEF, Jackson P, Wong
C, Davidson R, Geso M. Enhancement of radiation effects
by gold nanoparticles for superficial radiation therapy.
Nanomedicine. 2009; 5(2): 136-142.

18.Zhang X-D, Guo M-L, Wu H-Y, Sun Y-M, Ding Y-Q, Feng
X, Zhang LA. Irradiation stability and cytotoxicity of gold
nanoparticles for radiotherapy. Int ] Nanomedicine. 2009;
4:165.

19.Butterworth K, Coulter J, Jain S, Forker J, McMahon S,
Schettino G, Prise KM, Currell FJ, Hirst DG. Evaluation
of cytotoxicity and radiation enhancement using 1.9 nm
gold particles: potential application for cancer therapy.
Nanotechnology. 2010; 21(29): 295101.

20.Bhattacharyya S, Kudgus RA, Bhattacharya R, Mukherjee
P. Inorganic nanoparticles in cancer therapy. Pharm Res.
2011; 28(2): 237-259.

21.Janat-Amsbury M, Ray A, Peterson C, Ghandehari H.
Geometry and surface characteristics of gold nanoparticles
influence their biodistribution and uptake by macrophages.
Eur ] Pharm Biopharm. 2011; 77(3): 417-423.

157



A. Rostami / Gold nanoparticles as theranostics

22.Rai M, Duran N. Metal nanoparticles in microbiology:
Springer Science & Business Media; 2011.

23.Hainfeld JF, Dilmanian FA, Zhong Z, Slatkin DN, Kalef-
Ezra JA, Smilowitz HM. Gold nanoparticles enhance the
radiation therapy of a murine squamous cell carcinoma.
Phys Med Biol. 2010; 55(11): 3045.

24.Abdelhalim MAK, Mady MM, Ghannam MM. Physical
properties of different gold nanoparticles: ultraviolet-visible
and fluorescence measurements. ] Nanomed Nanotechol.
2012; 3(3): 178-194.

25.Akhter S, Ahmad MZ, Ahmad FJ, Storm G, Kok RJ. Gold
nanoparticles in theranostic oncology: current state-of-the-
art. Expert Opin Drug Del. 2012; 9(10): 1225-1243.

26.Schmid G. Physical and chemical consequences of size-
reduction of gold: bioresponse and biodistribution. J Clust
Sci. 2014; 25(1): 29-49.

27.Sazgarnia A, Shanei A, Meibodi NT, Eshghi H, Nassirli H. A
novel nanosonosensitizer for sonodynamic therapy: in vivo
study on a colon tumor model. J Ultrasound Med. 2011;
30(10): 1321-1329.

28.Hainfeld JF, Dilmanian FA, Slatkin DN, Smilowitz HM.
Radiotherapy enhancement with gold nanoparticles. |
Pharm Pharmacol. 2008; 60(8): 977-985.

29.Trono JD, Mizuno K, Yusa N, Matsukawa T, Yokoyama
K, Uesaka M. Size, concentration and incubation time
dependence of gold nanoparticle uptake into pancreas
cancer cells and its future application to X-ray drug delivery
system. ] Radiat Res. 2011; 52(1): 103-109.

30.Geng F, Song K, XingJZ, Yuan C, Yan S, Yang Q, Chen J, Kong
B. Thio-glucose bound gold nanoparticles enhance radio-
cytotoxic targeting of ovarian cancer. Nanotechnology.
2011; 22(28): 285101.

31.Hainfeld J, Slatkin D, Focella T, Smilowitz H. Gold
nanoparticles: a new X-ray contrast agent. Br ] Radiol. 2006;
79(939): 248-253.

32.Reuveni T, Motiei M, Romman Z, Popovtzer A, Popovtzer R.
Targeted gold nanoparticles enable molecular CT imaging
of cancer: an in vivo study. Int ] Nanomedicine. 2011; 6:
2859.

33.Popovtzer R, Agrawal A, Kotov NA, Popovtzer A, Balter J,
Carey TE, Kopelman R. Targeted gold nanoparticles enable
molecular CT imaging of cancer. Nano Lett. 2008; 8(12):
4593-4596.

34.Huang X, El-Sayed IH, Qian W, El-Sayed MA. Cancer cells
assemble and align gold nanorods conjugated to antibodies
to produce highly enhanced, sharp, and polarized surface
Raman spectra: a potential cancer diagnostic marker. Nano
Lett. 2007; 7(6): 1591-1597.

35.Jain PK, El-Sayed IH, El-Sayed MA. Au nanoparticles target
cancer. Nano today. 2007; 2(1): 18-29.

36.Her S, Jaffray DA, Allen C. Gold nanoparticles for
applications in cancer radiotherapy: Mechanisms and
recent advancements. Adv Drug Deliv Rev. 2017; 109: 84-
101.

37.Bagheri S, Yasemi M, Safaie-Qamsari E, Rashidiani J, Abkar
M, Hassani M, Mirhosseini SA, Kooshki H. Using gold
nanoparticles in diagnosis and treatment of melanoma
cancer. Artif Cells Nanomed Biotechnol. 2018: 1-10.

38.Singh P, Pandit S, Mokkapati V, Garg A, Ravikumar V, Mijakovic
I. Gold nanoparticles in diagnostics and therapeutics for
human cancer. Int ] Mol Sci. 2018; 19(7): 1979.

39.Kim D, Park S, Lee JH, Jeong YY, Jon S. Antibiofouling
polymer-coated gold nanoparticles as a contrast agent for

158

in vivo X-ray computed tomography imaging. ] Am Chem
Soc. 2007; 129(24): 7661-7665.

40.Beik J, Jafariyan M, Montazerabadi A, Ghadimi-Daresajini A,
Tarighi P, Mahmoudabadi A, Ghaznavi h, Shakeri-Zhadeh
A. The benefits of folic acid-modified gold nanoparticles
in CT-based molecular imaging: radiation dose reduction
and image contrast enhancement. Artif Cells Nanomed
Biotechnol. 2018; 46(8): 1993-2001.

41.Khademi S, Sarkar S, Shakeri-Zadeh A, Attaran N, Kharrazi
S, Ay MR, Ghadiri H. Folic acid-cysteamine modified
gold nanoparticle as a nanoprobe for targeted computed
tomography imaging of cancer cells. Mat Sci Eng: C. 2018
;89:182-193.

42.Kim D, Yu MK, Lee TS, Park JJ, Jeong YY, Jon S. Amphiphilic
polymer-coated hybrid nanoparticles as CT/MRI dual
contrast agents. Nanotechnology. 2011; 22(15): 155101.

43.Alric C, Taleb J, Duc GL, Mandon C, Billotey C, Meur-
Herland AL, Brochard T, Vocanson E Janier M, Perriat
P, Roux S, Tillement O. Gadolinium chelate coated gold
nanoparticles as contrast agents for both X-ray computed
tomography and magnetic resonance imaging. ] Am Chem
Soc. 2008; 130(18): 5908-5915.

44.Ravanshad R, Karimi Zadeh A, Amani AM, Mousavi
SM, Hashemi SA, Savar Dashtaki A, Mirzaei E, Zare B.
Application of nanoparticles in cancer detection by Raman
scattering based techniques. Nano Rev. 2018; 9(1): 1373551.

45.Loo C, Lowery A, Halas N, West J, Drezek R. Immunotargeted
nanoshells for integrated cancer imaging and therapy. Nano
Lett. 2005; 5(4): 709-711.

46.Bickford L, Sun J, Fu K, Lewinski N, Nammalvar V, Chang J,
Drezek R. Enhanced multi-spectral imaging of live breast
cancer cells using immunotargeted gold nanoshells and
two-photon excitation microscopy. Nanotechnology. 2008;
19(31): 315102.

47.Gobin AM, Lee MH, Halas NJ, James WD, Drezek RA, West
JL. Near-infrared resonant nanoshells for combined optical
imaging and photothermal cancer therapy. Nano Lett. 2007;
7(7): 1929-1934.

48.Bao C, Beziere N, del Pino P, Pelaz B, Estrada G, Tian E
Ntziachristos V, de la Fuente JM, Cui D. Gold nanoprisms as
optoacoustic signal nanoamplifiers for in vivo bioimaging
of gastrointestinal cancers. Small. 2013; 9(1): 68-74.

49.Homan K, Mallidi S, Cooley E, Emelianov S. Combined
photoacoustic and ultrasound imaging of metal
nanoparticles in vivo. Nanoimaging. 2010; 3.

50.Xu M, Wang LV. Photoacoustic imaging in biomedicine. Rev
Sci Instrum. 2006; 77(4): 041101.

51.Lu W, Huang Q, Ku G, Wen X, Zhou M, Guzatov D, Brecht
P, SuR, Oraevsky A, Wang LV, Li C. Photoacoustic imaging
of living mouse brain vasculature using hollow gold
nanospheres. Biomaterials. 2010; 31(9): 2617-2626.

52.Emelianov SY, Li P-C, O’'Donnell M. Photoacoustics for
molecular imaging and therapy. Phys today. 2009; 62(8): 34.

53.0raevsky AA. Gold and silver nanoparticles as contrast
agents for optoacoustic tomography. Photoacoustic
imaging and spectroscopy: CRC Press; 2009. p. 373-386.

54.Eghtedari M, Oraevsky A, Copland JA, Kotov NA, Conjusteau
A, Motamedi M. High sensitivity of in vivo detection of
gold nanorods using a laser optoacoustic imaging system.
Nano Lett. 2007; 7(7): 1914-1918.

55.Wang Y, Xie X, Wang X, Ku G, Gill KL, O’Neal DP, Stoica G,
Wang L . Photoacoustic tomography of a nanoshell contrast
agent in the in vivo rat brain. Nano Lett. 2004; 4(9): 1689-

Nanomed. J. 6(3): 147-160, Summer 2019



A. Rostami / Gold nanoparticles as theranostics

1692.

56.De Jong WH, Hagens WI, Krystek P, Burger MC, Sips A],
Geertsma RE. Particle size-dependent organ distribution
of gold nanoparticles after intravenous administration.
Biomaterials. 2008; 29(12): 1912-1919.

57.Eshghi H, Sazgarnia A, Rahimizadeh M, Attaran N, Bakavoli
M, Soudmand S. Protoporphyrin IX-gold nanoparticle
conjugates as an efficient photosensitizer in cervical cancer
therapy. Photodiagnosis Photodyn Ther. 2013; 10(3): 304-
312.

58.Alam F Naim M, Aziz M, Yadav N. Unique roles of
nanotechnology in medicine and cancer. Indian J Cancer.
2014; 51(4): 506.

59.Chen YH, Tsai CY, Huang PY, Chang MY, Cheng PC, Chou
CH, Chen DH, Wang CR, Shiau AL, Wu CL. Methotrexate
conjugated to gold nanoparticles inhibits tumor growth in a
syngeneic lung tumor model. Mol Pharm. 2007; 4(5): 713-
722.

60.Dreaden EC, Mwakwari SC, Sodji QH, Oyelere AK, El-
Sayed MA. Tamoxifen— poly (ethylene glycol)— thiol gold
nanoparticle conjugates: enhanced potency and selective
delivery for breast cancer treatment. Bioconjug Chem.
2009; 20(12): 2247-2253.

61.Gibson JD, Khanal BP, Zubarev ER. Paclitaxel-functionalized
gold nanoparticles. ] Am Chem Soc. 2007; 129(37): 11653-
11661.

62.Dhar S, Daniel WL, Giljohann DA, Mirkin CA, Lippard SJ.
Polyvalent oligonucleotide gold nanoparticle conjugates as
delivery vehicles for platinum (IV) warheads. ] Am Chem
Soc. 2009; 131(41): 14652-14653.

63.Brown SD, Nativo P, Smith J-A, Stirling D, Edwards PR,
Venugopal B, Flint DJ, Plumb JA, Graham D, Wheate
NJ. Gold nanoparticles for the improved anticancer drug
delivery of the active component of oxaliplatin. ] Am Chem
Soc. 2010; 132(13): 4678-4684.

64.Cheng Y, Samia AC, Meyers JD, Panagopoulos I, Fei B, Burda
C. Highly efficient drug delivery with gold nanoparticle
vectors for in vivo photodynamic therapy of cancer. ] Am
Chem Soc. 2008; 130(32): 10643-10647.

65.Sobhani N, Sazgarnia A, Rajabi O, Soudmand S, Naghavi N.
A study on the photobleaching effect of 5-ALA conjugated
gold nanoparticles in a CT26 tumor model during
photodynamic therapy. ] Med Phys. 2012; 9(3): 217-224.

66.Xia F, Hou W, Zhang C, Zhi X, Cheng ], de la Fuente
JM, Song J, Cui D. pH-responsive gold nanoclusters-
based nanoprobes for lung cancer targeted near-infrared
fluorescence imaging and chemo-photodynamic therapy.
Acta Biomater. 2018; 68: 308-319.

67.Yang Y, Hu Y, Du H, Ren L, Wang H. Colloidal plasmonic
gold nanoparticles and gold nanorings: shape-dependent
generation of singlet oxygen and their performance
in enhanced photodynamic cancer therapy. Int J
Nanomedicine. 2018; 13: 2065.

68.Mohammadi Z, Sazgarnia A, Rajabi O, Soudmand S, Esmaily
H, Sadeghi HR. An in vitro study on the photosensitivity
of 5-aminolevulinic acid conjugated gold nanoparticles.
Photodiagnosis Photodyn Ther. 2013; 10(4): 382-388.

69.Choi ], Yang ], Bang D, Park J, Suh JS, Huh YM, Haam S.
Targetable gold nanorods for epithelial cancer therapy
guided by near-IR absorption imaging. Small. 2012; 8(5):
746-753.

70.El-Sayed IH, Huang X, El-Sayed MA. Selective laser photo-
thermal therapy of epithelial carcinoma using anti-EGFR

Nanomed. J. 6(3): 147-160, Summer 2019

antibody conjugated gold nanoparticles. Cancer Lett. 2006;
239(1): 129-135.

71.Curry T, Kopelman R, Shilo M, Popovtzer R. Multifunctional
theranostic gold nanoparticles for targeted CT imaging and
photothermal therapy. Contrast Media Mol I. 2014; 9(1):
53-61.

72.Hirsch LR, Stafford RJ, Bankson ], Sershen SR, Rivera B,
Price R, Hazle JD, Halas NJ, West JL. Nanoshell-mediated
near-infrared thermal therapy of tumors under magnetic
resonance guidance. Proc Natl Acad Sci USA. 2003;
100(23): 13549-13554.

73.Ghahremani FH, Sazgarnia A, Bahreyni-Toosi MH, Rajabi
O, Aledavood A. Efficacy of microwave hyperthermia and
chemotherapy in the presence of gold nanoparticles: an in
vitro study on osteosarcoma. Int ] Hyperthermia. 2011;
27(6): 625-636.

74.Mehdizadeh A, Pandesh S, Shakeri-Zadeh A, Kamrava SK,
Habib-Agahi M, Farhadi M, Pishghadam M, Ahmadi
A, Arami S, Fedutik Y. The effects of folate-conjugated gold
nanorods in combination with plasmonic photothermal
therapy on mouth epidermal carcinoma cells. Lasers Med
Sci. 2014; 29(3): 939-948.

75.Salem DS, Sliem MA, El-Sesy M, Shouman SA, Badr Y.
Improved chemo-photothermal therapy of hepatocellular
carcinoma using chitosan-coated gold nanoparticles. J
Photochem Photobiol B. 2018; 182: 92-99.

76.Kuroki M, Hachimine K, Abe H, Shibaguchi H, Kuroki
M, Maekawa S,
T, Yamashita Y. Sonodynamic therapy of cancer using novel
sonosensitizers. Anticancer Res. 2007; 27(6A): 3673-3677.

77.Jin Zh, Miyoshi N, Ishiguro K, Umemura Si, Kawabata Ki,
Yumita N, Sakata I, Takaoka K, Udagawa T, Nakajima
S, Tajiri H, Ueda K, Fukuda M, Kumakiri M. Combination
effect of photodynamic and sonodynamic therapy on
experimental skin squamous cell carcinoma in C3H/HeN
mice. ] Dermatol. 2000; 27(5): 294-306.

78 Hodnett M, Zeqiri B, editors. A detector for monitoring the
onset of cavitation during therapy-level measurements
of ultrasonic power. ] Phys: Conference Series; 2004: IOP
Publishing.

79.Lejbkowicz F, Salzberg S. Distinct sensitivity of normal and
malignant cells to ultrasound in vitro. Environ Health
Perspect. 1997;105(Suppl 6):1575.

80.Marmottant P, Hilgenfeldt S. Controlled vesicle deformation
and lysis by single oscillating bubbles. Nature. 2003;
423(6936): 153.

81.Sazgarnia A, Shanei A, Taheri AR, Meibodi NT, Eshghi H,
Attaran N, shanei MM. Therapeutic effects of acoustic
cavitation in the presence of gold nanoparticles on a colon
tumor model. ] Ultrasound Med. 2013; 32(3): 475-483.

82.Sazgarnia A, Shanei A. Evaluation of acoustic cavitation in
terephthalic acid solutions containing gold nanoparticles by the
spectrofluorometry method. Int ] Photoenergy. 2012; 2012.

83.Brun E, Sanche L, Sicard-Roselli C. Parameters governing
gold nanoparticle X-ray radiosensitization of DNA in
solution. Colloid Surface B. 2009; 72(1): 128-134.

84.Li X, Zhou H, Yang L, Du G, Pai-Panandiker AS, Huang X,

Yan B. Enhancement of cell recognition in vitro by dual-

Yanagisawa ], Kinugasa T, Tanaka

ligand cancer targeting gold nanoparticles. Biomaterials.
2011; 32(10): 2540-2545.

85.Rostami A, Soleymanifard S. Toxicity and Attenuation of
Gold Nanoparticles as a cancer theranostic agent. Adv
Nanobiotechnol. 2018; 1(1): 9-15.

159



A. Rostami / Gold nanoparticles as theranostics

86.McMahon S], Hyland WB, Muir ME, Coulter JA, Jain §,
Butterworth KT, Schettino G, Dickson GR, Hounsell
AR, O’Sullivan JM, Prise KM, Hirst DG, Currell FJ.
Biological consequences of nanoscale energy deposition
near irradiated heavy atom nanoparticles. Sci Rep UK.
2011;1: 18.

87.Chow JC, Leung MK, Fahey S, Chithrani DB, Jaffray DA,
editors. Monte Carlo simulation on low-energy electrons
from gold nanoparticle in radiotherapy. ] Phys: Conference
series; 2012: IOP Publishing.

88.Lechtman E, Chattopadhyay N, Cai Z, Mashouf S, Reilly
R, Pignol J. Implications on clinical scenario of gold
nanoparticle radiosensitization in regards to photon energy,
nanoparticle size, concentration and location. Phys Med
Biol. 2011; 56(15): 4631.

89.Toossi MTB, Ghorbani M, Mehrpouyan M, Akbari E, Sabet
LS, Meigooni AS. A Monte Carlo study on tissue dose
enhancement in brachytherapy: a comparison between
gadolinium and gold nanoparticles. Australasian phys Eng
S.2012; 35(2): 177-185.

90.Mesbahi A, Jamali F Effect of photon beam energy,
gold nanoparticle size and concentration on the dose
enhancement in radiation therapy. BioImpacts: BI. 2013;
3(1): 29.

91.Cho SH. Estimation of tumour dose enhancement due to
gold nanoparticles during typical radiation treatments:
a preliminary Monte Carlo study. Phys Med Biol. 2005;
50(15): N163.

92.Roeske JC, Nufiez L, Hoggarth M, Labay E, Weichselbaum
RR. Characterization of the theorectical radiation dose
enhancement from nanoparticles. Technol cancer Res T.
2007; 6(5): 395-401.

93.Pakravan D, Ghorbani M, Momennezhad M. Tumor dose
enhancement by gold nanoparticles in a 6 MV photon beam:
a Monte Carlo study on the size effect of nanoparticles.
Nukleonika. 2013; 58.

94.Mousavie Anijdan S, Shirazi A, Mahdavi S, Ezzati A,
Mofid B, Khoei S. Megavoltage dose enhancement
of gold nanoparticles for different geometric set-ups:
Measurements and Monte Carlo simulation. Iran ] Radiat
Res. 2012; 10(3): 183-186.

95.Chithrani DB, Jelveh S, Jalali F van Prooijen M, Allen
C, Bristow RG, Hill RP, Jaffray DA. Gold nanoparticles
as radiation sensitizers in cancer therapy. Radiat Res.
2010;173(6):719-728.

96.Kong T, Zeng ], Wang X, Yang X, Yang ], McQuarrie
S, McEwan A, Roa W, Chen J, Xing JZ. Enhancement of
radiation cytotoxicity in breast-cancer cells by localized
attachment of gold nanoparticles. Small. 2008; 4(9): 1537-
1543.

97.Jain S, Coulter JA, Hounsell AR, Butterworth KT, McMahon
SJ, Hyland WB, Muir ME, Dickson GR, Prise KM, Currell
FJ, O»Sullivan JM, Hirst DG. Cell-specific radiosensitization
by gold nanoparticles at megavoltage radiation energies. Int
J Radiat Oncol. 2011; 79(2): 531-539.

98.Liu CJ, Wang CH, Chen ST, Chen HH, Leng WH, Chien
CC, Wang CL, Kempson IM, Hwu Y, Lai TC, Hsiao
M, Yang CS, Chen Y], Margaritondo G. Enhancement of
cell radiation sensitivity by pegylated gold nanoparticles.
Phys Med Biol. 2010; 55(4): 931-945.

99.Zhang X, Xing JZ, Chen J, Ko L, Amanie ], Gulavita S, Pervez
N, Yee D, Moore R, Roa W. Enhanced radiation sensitivity
in prostate cancer by gold-nanoparticles. Clin Invest Med.

160

2008; 31(3): 160-167.

100.Sim L, Fielding A, English M, Waclawik E, Rockstroh A,
Soekmadji C. Enhancement of biological effectiveness of
radiotherapy treatments of prostate cancer cells in vitro
using gold nanoparticles. International Nanomedicine
Conference, 14-16th July 2011.

101.Wang C, Jiang Y, Li X, Hu L. Thioglucose-bound gold
nanoparticles increase the radiosensitivity of a triple-
negative breast cancer cell line (MDA-MB-231). Breast
Cancer. 2015; 22(4): 413-420.

102.Coulter J, Hyland W, Nicol J, Currell F. Radiosensitising
nanoparticles as novel cancer therapeutics—pipe dream or
realistic prospect?. Clin Oncol. 2013; 25(10): 593-603.

103.Neshastehriz A, Tabei M, Maleki S, Eynali S, Shakeri-Zadeh
A. Photothermal therapy using folate conjugated gold
nanoparticles enhances the effects of 6 MV X-ray on mouth
epidermal carcinoma cells. ] Photochem Photobiol B. 2017;
172: 52-60.

104.Soleymanifard S, Rostami A, Aledavood SA, Matin MM,
Sazgarnia A. Increased radiotoxicity in two cancerous cell
lines irradiated by low and high energy photons in the
presence of thio-glucose bound gold nanoparticles. Int J
Radiat Biol. 2017; 93(4): 407-415.

105.Hainfeld JE, Slatkin DN, Smilowitz HM. The use of gold
nanoparticles to enhance radiotherapy in mice. Phys Med
Biol. 2004; 49(18): N309.

106.Chang MY, Shiau AL, Chen YH, Chang CJ, Chen HHW,
Wu CL. Increased apoptotic potential and dose-enhancing
effect of gold nanoparticles in combination with single-dose
clinical electron beams on tumor-bearing mice. Cancer Sci.
2008; 99(7): 1479-1484.

107.Anijdan SHM, Mahdavi SR, Shirazi A, Zarrinfard MA,
Hajati ]. Megavoltage X-ray dose enhancement with gold
nanoparticles in tumor bearing mice. Int ] Mol Cell Med.
2013; 2(3): 118.

108.Hebert E, Debouttiere P, Hunting D, Lepage M, Sanche L.
MRI detectable gadolinium-coated gold nanoparticles for
radiotherapy. Int ] Radiat Oncol Biol Phys. 2008; 72: S715-
716.

109.Chow JC, Leung MK, Jaffray DA. Monte Carlo simulation
on a gold nanoparticle irradiated by electron beams. Phys
Med Biol. 2012; 57(11): 3323.

110.Meesungnoen ], Jay-Gerin J-P, Filali-Mouhim A,
Mankhetkorn S. Low-energy electron penetration range in
liquid water. Radiat Res. 2002; 158(5): 657-660.

111.McMahon §J, Hyland WB, Muir ME, Coulter JA, Jain S,
Butterworth KT, Schettino G, Dickson GR, Hounsell
AR, O’Sullivan JM, Prise KM, Hirst DG, Currell FJ.
Nanodosimetric effects of gold nanoparticles in megavoltage
radiation therapy. Radiother Oncol. 2011; 100(3): 412-416.

112.Song K, Xu P, Meng Y, Geng F, Li ], Li Z. Smart gold
nanoparticles enhance killing effect on cancer cells. Int J
Oncol. 2013; 42(2): 597-608.

113.Ramalingam V, Varunkumar K, Ravikumar V, Rajaram R.
Target delivery of doxorubicin tethered with PVP stabilized
gold nanoparticles for effective treatment of lung cancer. Sci
Rep. 2018; 8(1): 3815.

114.Mukherjee P, Bhattacharya R, Wang P, Wang L, Basu S,
Nagy JA. Antiangiogenic properties of gold nanoparticles.
Clin Cancer Res. 2005; 11(9): 3530-3534.

115.Carmeliet P, Jain RK. Angiogenesis in cancer and other
diseases. Nature. 2000; 407(6801): 249.

Nanomed. J. 6(3): 147-160, Summer 2019



	_GoBack
	_ENREF_13
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_36
	_ENREF_37
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_ENREF_44
	_ENREF_45
	_ENREF_46
	_ENREF_47
	_ENREF_48
	_ENREF_49
	_ENREF_50
	_ENREF_51
	_ENREF_52
	_ENREF_53
	_ENREF_54
	_ENREF_55
	_ENREF_56
	_ENREF_57
	_ENREF_58
	_ENREF_59
	_ENREF_60
	_ENREF_61
	_ENREF_62
	_ENREF_63
	_ENREF_64
	_ENREF_65
	_ENREF_66
	_ENREF_67
	_ENREF_68
	_ENREF_69
	_ENREF_70
	_ENREF_71
	_ENREF_72
	_ENREF_73
	_ENREF_74
	_ENREF_75
	_ENREF_76
	_ENREF_77
	_ENREF_78
	_ENREF_79
	_ENREF_80
	_ENREF_81
	_ENREF_82
	_ENREF_83
	_ENREF_84
	_ENREF_85
	_ENREF_86
	_ENREF_87
	_ENREF_88
	_ENREF_89
	_ENREF_90
	_ENREF_91
	_ENREF_92
	_ENREF_93
	_ENREF_94
	_ENREF_95
	_ENREF_96
	_ENREF_97
	_ENREF_98
	_ENREF_99
	_ENREF_100
	_ENREF_101
	_ENREF_102
	_ENREF_103
	_ENREF_104
	_ENREF_105
	_ENREF_106
	_ENREF_107
	_ENREF_108
	_ENREF_109
	_ENREF_110
	_ENREF_111
	_ENREF_112
	_ENREF_113
	_ENREF_114
	_ENREF_115

