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INTRODUCTION

According to the World Health Organization (WHO), cancer accounted for 7.9 million deaths
in 2007 making it the leading cause of death in the world. Deaths from cancer around the
globe are expected to climb upwards with an estimated 12 million deaths by cancer in 2030.
The frontiers of cancer research are therefore consistently challenged in order to advance the
most effective means of cancer diagnosis, monitoring and treatment. Findings gleaned from

cancer research would inevitably benefit mankind and save countless lives.

Current therapies employed for the treatment of cancer include surgery, chemotherapy and
radiation therapy among others. While these methods have been accepted and practiced for
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decades, they have their drawbacks and side effects. Surgical removal of tumors is restricted
mainly to large, resect able and accessible tumors. Chemotherapeutic drugs target rapidly
dividing cells, and thus not only kill cancer cells, but also destroy normal cells like bone
marrow cells and immune cells. This gives rise to widespread “collateral damage” in the
patient's body. Radiation therapy involves the use of high-energy radiation like X-rays and
gamma rays to destroy tumor cells, and inevitably causes deleterious effects to healthy tissues

along the radiation path.

In light of the shortcomings of current treatment modalities for cancer, a critical thrust
towards improving cancer therapy is to specifically target therapeutic agents to tumor cells
while sparing healthy tissues from harm. This is one of the emerging interests in
nanotechnology research. Nanotechnology refers to the manufacture of materials having
nanoscale dimensions between 1 nm and 100 nm. The small size of these nano-materials
confers their uniqueness with chemical and physical properties that are distinct from their
bulk materials. The rapid expansion in nanomaterial research increases the future prospect of
novel diagnostic methods and treatment of diseases that plague mankind. This branch of
nanotechnology in disease diagnosis, monitoring and treatment has been termed

“nanomedicine” by the National Institutes of Health in the USA.

Among the many nanomaterials being developed for nanomedicine applications, this review
will focus on gold nanoparticles (AuNPs) and their potential as tumor sensors, drug delivery
agents and enhancers in plasmonic photothermal therapy for the eradication of cancers. The
use of AuNPs is gaining popularity in these areas of research for several reasons. Firstly,
AuUNPs are considered to be relatively biologically non-reactive and therefore suitable for in
vivo applications compared to the very toxic cadmium and silver NPs although various
groups (as explained in the later sections) are challenging this view. Other advantageous
qualities include the strong optical properties of AuNPs due to localized surface plasmon
resonance (LSPR), easily controllable surface chemistry which enables versatility in adding
surface functional groups, and lastly, the ease in control over particle size and shape during
synthesis. AuUNPs may be considered to be fully multifunctional, with the possibility of
combining different desired functionalities in one molecular-sized package. All these factors
contribute to the strong interest and preference for the use of AuNPs over other NPs.
Examples of other nanomaterials for biomedical applications can be found in other published
papers which expound on the utilization of quantum dots, functionalized fullerene-based
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nanomaterials,'*¥! and magnetic NPs for the diagnosis and treatment of human diseases.

AUNPs and cytotoxicity

As the utility of AuNPs largely depends on the degree of inherent toxicity, studies on the
toxicological profile of these NPs are discussed proceeding to their usage in cancer
management. Since NPs exhibit properties which are markedly different from that of their
much larger counterparts, their behaviour and effects cannot be extrapolated from
information derived from their bulk materials. Bulk gold has generally been considered an inert
metal valued for medicinal purposes and AuNPs have been thought to be likewise. In the
literature, AUNPs have been reported to lack the ability to induce adverse and acute toxicity
and are thus deemed to be biocompatible entities for use in biomedical applications.
However, recent studies have shown that there could be more to AuNP toxicity than already
surmised and that the extent of toxicity response is closely associated with the size of the
AuUNPs. Investigations have revealed that decreasing the size of NPs correlated with more
widespread tissue distribution, heightened potential to deeper penetration within certain
tissues, more effective internalization by cells, and increased toxic eeffect. n terms of surface
functionality, studies have shown that modification of the AuNP surface affect its uptake,

interactions with cellular constituents and cytotoxicity.

In vitro studies on cytotoxicity of AUNPs

Multiple studies have shown that AuNPs exert their cytotoxicity through the induction of
oxidative stress. For example, when exposed to 1.4 nm AuNPs, Hela cervical carcinoma
cells exhibited increased reactive oxygen species (ROS) production and oxidative stress,
leading to protein and lipid oxidation, severely impaired mitochondrial function, and
loeventually cell death. The same investigators showed that Z-VAD-fmk, a caspase inhibitor
was unable to rescue the cells from dying, leading to the conclusion that cells were killed by
necrosis. Furthermore, genome-wide mMRNA expression analysis verified that treatment with
AuUNPs caused up-regulation of stress-related and inflammation-related genes and a
concomitant decrease in the expression of cell cycle genes. It appears that continual
production of endogenous ROS within the cell exhausted the intracellular antioxidant pool

and therefore induced irreversible damage that eventually lead to necrosis.

Oxidative stress was observed in MRC-5 fetal human lung fibroblast cells following exposure
to 20 nm AuNPs with concomitant down-regulation of cell cycle genes such as Cyclin B2

and B1 and DNA damage response genes. In a follow-up study, the same investigators
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observed the presence of autophagy (validated by biochemical and morphological
parameters) concurrent with oxidative stress in the lung fibroblasts following uptake of
AuUNPs. It was also demonstrated in the same study that AuNP treatment led to the up-
regulation of antioxidants and expression of stress-response genes and proteins, lending

support to the hypothesis that oxidative stress could be a manifestation of AUNP cytotoxicity.

In vivo studies on cytotoxicity of AUNPs

In a recent study, blue mussel Mytilus edulis was observed to experience oxidative stress
within 24 h of exposure to AuNPs, indicating the possible impact of AuNPs to the ecosystem
and aquatic animals. The same investigators also proposed the use of Medulis as an ideal
animal model for environmental toxicology studies of NPs. Another in vivo study utilized
zebrafish embryos to assess the feasibility of AuUNPs as probes for embryonic imaging. In this
study, the real-time effects of AuNPs on zebrafish embryos were investigated, and results
showed that owing to the random diffusion of AuNPs to various parts of the embryo, toxic
effects influencing the developmental outcome of the embryo were largely stochastic in
nature. Among the 76% of zebrafish embryos that survived, only a minority (2%) of zebrafish
embryos exhibited deformities while the remaining 74% developed normally. The authors
therefore proposed that given its relatively non-toxic nature, AUNPs could be exploited for in

vivo imaging applications for embryonic studies.

For mammals, however, there is at present limited information regarding the in vivo toxicity
of AuNPs. Studies have largely focused on the biodistribution of AuNPs in the body. A rat
model study revealed the size-dependent organ distribution of AuNPs following intravenous
(iv) administration. For 10 nm AuNPs, the distribution was found to be widespread,
permeating the blood and organs of the cardio-respiratory system, immune system (such as
spleen and thymus) and reproductive system, liver, kidney, and brain, whereas larger AUNPs
(50, 100, and 250 nm) were localized only to the blood, liver and spleen. A similar study
conducted using 15, 50, 100, and 200 nm AuNPs showed that while the AuNPs with the
largest dimension could only accumulate minimally in organs following iv administration
into mice, AUNPs with the smallest dimension were detected in all tissues including blood and
other organs such as the liver, lung, spleen, kidney, brain, stomach, and heart. The results
imply that smaller size AuNPs are more accessible to various tissues in the body and

therefore the propensity to cause widespread harm, ifany.
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Another group of researchers assessed the in vivo toxicity of 13 nm AuNPs coated with poly
(ethylene) glycol (PEG) in mice and showed that following iv injection of AuNPs, the NPs
accumulated in mouse liver and spleen for up to a week, and induced acute inflammation and
apoptosis in the liver. The same group of investigators also demonstrated that iv administration
of 4 nm or 100 nm PEG-coated AuNPs in mice induced up- regulation of common genes

associated with apoptosis, cell cycle, inflammation, and metabolic process in liver tissues.

A major challenge in the field of investigating in vivo cytotoxicity of NPs is the plausibility
of translating observed cellular and immunological toxicity in animal models to humans,

since there are distinct intra- and interspecies variations which need to be considered.

Applications of AUNPs in cancer management

AUNPs as sensors for probing and imaging tumor cells

AuUNPs are good candidates for labelling applications because of their ability to interact
strongly with visible light. Upon exposure to light, free electrons in gold atoms are excited to a
state of collective oscillation known as surface plasmon resonance (SPR), conferring gold the
ability to absorb and scatter visible light. In labelling applications, AuNPs are targeted and
accumulated at the site of interest and based on their optical scattering properties, they enable
visualization of the region under study. AuNPs may then be detected by any of the following
ways: phase contrast optical microscopy, dark field microscopy, photothermal imaging, and
photoacoustic imaging.¥! In addition, owing to its high atomic weight, AUNPs remain the
preferred label for visualization and immuno- staining at the ultrastructural level using

transmission electron microscopy.

A crucial step in successful cancer therapy involves early diagnosis. The strong optical
scattering properties of AuNPs, coupled with their relative biocompatibility, make them
suitable as probes for cancer imaging. Through the conjugation of antibodies specific for
antigens overexpressed on tumor cells, AuNPs can be directed to tumor cells, thus pin
pointing their precise location in the body. It has been demonstrated that antibody-
conjugated hollow gold nanospheres can be used for the surface-enhanced Raman
spectroscopy (SERS) imaging of tumor biomarkers which are overexpressed in MCF7 breast
cancer cells. Raman scattering is a phenomenon that results from the inelastic collision of
photons with molecules where energy, which is either lost or gained, translates to a change in
the frequency of the scattered photons. This unique shift of frequency depends on the

characteristic energy of molecular vibrations constituting the signal, hence a Raman spectrum
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consisting of different signals from molecular vibrations forms a “vibrational fingerprint” of a
molecule. In SERS, these Raman signals are amplified several folds by nanostructures
present in the vicinity of the molecules. Gold and silver have been shown to cause significant
enhancement and are thus the favoured nanostructures used as sensors.By attaching a reporter
to SERS sensors, targeted sensitive probing of molecules or structures within cells may be

achieved.

B
oy

Recent studies have demonstrated the potential use of AuNPs for in vivotargeted imaging of
cancer using Raman spectroscopy. Large optical enhancements can possibly be achieved in
the detection of tumors in live animals owing to the 14-15 orders of magnitude signal
amplification by AuNPs. Following the conjugation of AuNPs with appropriate ligands,
cancer markers such as epidermal growth factor receptors present on the surface of human
cancer cells and in xenograft tumor models could be targeted for detection. This shows the
potential of using AuNPs for biomedical imaging in live subjects. However, it is important to
note that the successful optical imaging performed in mice cannot be directly scaled up for in
vivo imaging of human subjects because the optical signals possess limited tissue penetration
ability. At present, optical imaging only appears useful for tissues close to the skin surface or
accessible by endoscopy. Hence, additional technological improvements are needed before
Raman scattering by AuNPs can be used in a clinical setting.

The utility of AuNPs as novel biosensors for the detection of tumor cells can be demonstrated
through the use of a screen-printed carbon electrode (SPCE) coupled with a NP-based
electrocatalytic method. Using this technique, in situtumor cell proliferation was detected and
quantified via the reaction of cell surface proteins with specific antibodies conjugated to
AuUNPs. Human tumor HMyz2 cells (human leukocyte antigen (HLA-DR) class Il positive B
cells) and human tumor PC-3 cells (HLA-DR class Il negative prostrate carcinoma) were first
grown on the surface of SPCEs, following which they were incubated with a commercial

monoclonal antibody (mADb) specific to DR molecules conjugated to AuNPs (direct method)
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or unconjugated mAb followed by secondary antibodies conjugated to AuNPs (indirect
method). When hydrogen ions were catalytically reduced to hydrogen in the presence of
AuUNPs, the amount of AuNPs (and thus a corresponding indication of the quantity of
attached tumor cells) could be quantified. In both methods, the AUNP immunosensor was able
to distinguish DR-positive tumor cells from DR-negative tumor cells, showing the efficiency

of this novel biosensor in detecting specific tumor cells.

AuUNPs as drug delivery agents targeted to cancer cells

A prominent application of AuNPs is their use as vehicles for delivery of molecules into
cells. AuNPs have been described as “promising nanocarriers for therapeutics” owing to their
ease of synthesis and functionalization, relative biocompatibility as well as low toxicity in
preliminary assays. However, various factors need to be considered in designing an effective
drug delivery system. The properties of AuNPs such as their size, charge and surface
chemistry have been shown to affect the uptake of AuNPs into cells as well as their
subsequent intracellular fate. In addition, effective drug delivery strategies must take into
account the nature of drug-AuNP interaction (covalent/non-covalent binding) as well as the
means of drug release following introduction of the drug-AuNP complexes to cells. If AuNPs
are used solely as carriers into cells, it is also critical to monitor any toxic effects of residual
materials in the cell after delivery; a biodegradable NP vector whose lifespan is limited to the
therapeutic window of the drug would be ideal. If the NP vector is cleared from the system

once its purpose is reached, it will reduce exposure and limit its toxic effects in the body.

Another issue of concern is the penetration rate of AuNPs into tumors and the specificity of
the target sites. Particularly, the epithelial and endothelial barriers are considered to be the
main hindrance for the NPs to overcome. Penetration enhancers like metalloproteases against
basement membranes and toxins against intracellular tight junctions, may be useful in aiding
the uptake of drug-loaded AuNPs into the tumor. Another factor to be considered is the AuNP
retention in blood circulation. Some researchers have found that particle retention is also size-
dependent and longer circulation time is correlated to higher rate of reaching tumor target. In
addition, most studies have only investigated on drug delivery to solid tumors, where it is site
specific and easier for quantification of results. It remains to be seen if AUNPs will be effective
against non-solid cancers like leukemia where strategies for targeting and treating such cancers

can be different from that for solid tumors.
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Drug attachment and release from NPs is another challenging area. While the ease of surface
modification is what makes AuNP attractive for drug delivery, the strength of drug attachment
and timing of the release needs to be suitably controlled to produce the highest therapeutic
efficacy. Foremost, the method of release at the tumor site is dependent on how the drug is
attached to the AuNP, whether covalently or through non-covalent binding. Generally, drugs
in the active form are loaded non-covalently while the covalent- conjugation of the drug to
AUNP is in the pro-drug form, thereby requiring a second reaction to release the drug from
the attachment as well as to activate it. Although there have been quite a number of strategies
proposed for the triggering of drug release at the tumor site, they can generally be narrowed
down to three methods: light or photothermal release, glutatione-mediated, and non-covalent
encapsulation of the active drug with subsequent off-loading by diffusion through the
membrane.”! The others are principally a modification of one or a combination of these

methods. Thus far, the in vitro works done by Kim et al9have yielded promising results.
However, more work is required as there is still the need to assess if these methods are

practical for application in vivo.

Similarly in the field of cancer therapy, AuNPs are currently being explored as potential drug
delivery agents for the introduction of drugs into tumor cells. Cells are known to take up
colloidal AuNPs of various shapes and sizes, either by specific (via ligand-receptor
interaction) or non-specific means. An example of AuNPs being taken up by breast cancer
cells in vitro is shown in. In order to ensure the specific killing of cancer cells while sparing
healthy cells, AUNPs were conjugated with appropriate surface ligands which directed them
only to tumor cells. Huang et al (2008) have described two methods for tumor targeting: the
first involved conjugation of AuNPs to PEG, and the second involved conjugation of AuNPs
with specific antibodies which bind unique biomarkers expressed on tumor cells. PEG
prevented AuNP aggregation and lengthened their retention time in blood. This facilitated the
preferential accumulation of AuNPs in tumor cells over healthy cells because of the elevated
permeability of poorly differentiated blood vessels around tumors following angiogenesis, as
well as the decreased clearance rate caused by the deficit of functional lymphatic vessels in
tumors. Using PEG is considered a passive targeting approach, as opposed to the active
targeting of tumor cells through the help of specific antibodies. Following cellular uptake,
AuNPs are stored in endosomal/lysosomal vesicles. In order to liberate these AuNPs and
introduce the drug which has been delivered into the cell cytoplasm, the NPs need to be

modified by the conjugation of membrane translocating sequence-based peptides which
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enable them to traverse monolayers.

Transmission electron microscopy (TEM) of AuNP treated MCF-7 breast cancer cells. The cells were
treated with 1 nmol/L AulNP for 72 h. (A) A cluster of AuNPs (indicated by an arrow) is found in the
cytoplasm of a cell. Bar=0.2 um. (B) TEM specimens
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Schematic diagram showing AuNP carriers conjugated with anticancer drugs and ligands which are

recognized by receptors on the surface of tumor cells

anticancer drugs in cancer cells mediated via extravasation of the gold nanocarriers through gaps
the endothelial cells (“leaky tumor vasculature™). .

Tumor necrosis factor-alpha (TNF-a) is a potent, multifunctional cytokine which not only
plays a critical role in inflammation and immunity, but also exhibits anticancer properties.
However, its systemic toxicity due to their indiscriminate actions on both normal and
malignant tissues is well established. Indeed, it was shown in one study using the mouse
model that increasing doses of native TNF correlated with the severity of toxicities observed.
In the same study, it was revealed that in contrast to native TNF, TNF conjugated to a colloidal
gold platform interspersed with thiol-derivatized PEG was more efficacious in reducing tumor

burden in a colon cancer xenograft model, without causing death of the animals.

A Phase 1 clinical trial on the PEGylated colloidal gold—TNF construct (CYT-6091)
conducted in patients with advanced stage solid cancers has shown potential The CYT- 6091
complex appears to be well-tolerated in this first clinical trial on human subjects although
fever developed in two patients, which was not unexpected (as evidenced by preclinical data)

and were easily controlled. It is unclear if the fever was due to areaction to the AuNPs or the
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recombinant TNF (rhTNF) construct. It appears that the AUNP and rhTNF construct produces
less adverse reaction than the rhTNF alone even at the highest drug-AuNP concentrations in
the pre-clinical findings. Dose-limiting toxic reaction of hypotension was also not seen in any
patient under the trial although there were some retrafficking of leukocytes. AuNPs were
found in the tumor as well as in the liver biopsies but no toxic adverse effects were observed.
In sum, the authors concluded that the clinical results correlated well with the preclinical data,
which bodes well for future translational studies for AuNPs. However, it must be borne in
mind that data generated with one type of AuNP may not be extrapolated to other kinds of

AuUNPs with a different shape, size or surface modification.

In a separate study, the effect of incorporating PEG-coated AuNPs with TNF-o for the
targeting killing of SCK mammary carcinomas grown in mice combined with heat treatment
has also been investigated. While AuNPs loaded with TNF-a alone and heat treatment alone
showed tumor growth delay, the most drastic effect was observed when TNF-a loaded
AUNPs were intravenously introduced, followed by local heating. This combination treatment
proved effective in decreasing the in vivo and in vitrotumor cell survival rates, demonstrating
the prospect of using AuNPs as drug delivery carriers coupled with subsequent thermal

treatment for effective eradication of tumor cells.

The effects of AuNPs conjugated with methotrexate (MTX) in inducing cytoxicity in vitro
and anti-tumorigenic effects in vivo have been reported. It was observed that accumulation of
Au-MTX in tumor cells occurred more rapidly and at higher concentrations than those treated
with free MTX. As a result, enhanced cytotoxic effects were also present in several tumor cell
lines compared with an identical dosage of free MTX. These results warrant further
investigation as they suggest that the conjugation of AuUNPs with a chemotherapeutic drug
such as MTX was more efficacious than the administration of free MTX alone, displaying the

potential of AuUNPs as drug carriers targeting only tumor cells.

However, given the vast array of AuNPs of different shapes and sizes, it is still unclear which
type(s) of AuNPs would be the most suitable for drug delivery applications. It is likely that
this variety of AuNPs will be custom made to suit the needs for patient treatment. The use of
AuUNPs in such a manner is not without its disadvantages. There are inherent problems and
potential problems to the use of NPs in the delivery of drugs tothe target site such as size of
the NP and drug conjugate, intratumoral pressure and differential expression of receptors at the

tumor site. Optimism towards the utilization of AuNPs as drug delivery vectors into cells
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should be kept in check as many of the complications regarding targeted drug delivery as
well as the toxicity of NPs to cells is a concern yet to be fully addressed. Therefore, the use of
AUNPs prior to appropriate assessment of their toxic effects may reap more harm than
benefit.

AUNPs in plasmonic photothermal therapy

Traditionally, heat has been used in the treatment of cancer via the induction of hyperthermia,
a condition in which cells are subjected to high temperatures which kill them. While the
sources of heat varies from microwaves, radiowaves, ultrasound waves to laser light in the
past, such approaches to cancer therapy have not been widely used because of the
consequential damage to normal tissues surrounding the targeted tumor. With the advent of
nanotechnology, diverse nanostructures have been manufactured for the purpose of
photothermal therapeutics. Noble metal NPs such as AuNPs (and including Au nanospheres,
nanorods, and nanocages) attract particular interest because they possess enhanced absorption
cross-sections. Their strong absorbance enables effective laser therapy with minimal
“collateral damage” to the surrounding healthy tissue. The mechanism by which AuNPs exert
their photothermal effect is through SPR. This leads to the formation of a heated electron gas
which then cools rapidly within about 1 ps through exchanging energy with the NP lattice.
The NP lattice in turn heats up the surrounding environment through the rapid transfer of
energy spanning only about 100 ps. The speed at which energy is converted and dissipated to
the surrounding environment presents an efficient means of rapidly inducing hyperthermia in
the vicinity of AuNPs following irradiation with light. Irreversible cell damage resulting from
denaturation of proteins and disruption of cell membrane will occur in the areas subjected to

high temperatures.

The underlying concept of using antibody-conjugated AuNPs hinges on the necessity of
tumor cells in expressing characteristic biomarkers, which are otherwise absent or expressed
in significantly lower levels in normal cells. The successful detection and eradication of
breast carcinoma cells overexpressing human epidermal growth factor receptor 2 (HER2)
through the usage of anti-HER2 immunotargeted gold nanoshells with subsequent irradiation
by near infra-red light to potentiate the gold nanoshells-induced photothermal effect has been
reported . The antibody-mediated targeting of AuNPs to tumor cells was considered to be the
more specific and efficient of the two approaches to tumor targeting. It is apparent from here
that plasmonic AuNPs exhibit vast potential in the field of photothermal cancer therapy by
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providing a means to specifically target tumor cells.

AUNPs in radiation therapy

Numerous studies have revealed that AuNPs may have important applications as
radiosensitizers (which are drugs that potentiate the effect of radiation for cancer therapy). A
study on mice bearing subcutaneous EMT-6 mammary carcinomas showed that not only were
AUNPs (1.9 nm in diameter) non-toxic in nature and cleared from the body via the kidneys,
they possessed the ability to enhance the effect of X-ray therapy leading to a remarkable
survival rate of 86% as opposed to 20% with X-rays alone and 0% with AuNPs alone.
However, it is crucial to note that while 1.9 nm AuNPs seem to show potential as radiation

enhancing agents, a recent study discovered evidence for acute cytotoxicity,

DNA damage and apoptosis mediated by oxidative stress induced by cellular uptake of 1.9 nm
AUNPs. There is a need for further understanding of cellular responses to AuNPs when

exploring their potential to be used in radiation therapy to cure cancer.

The effectiveness of AuNPs as radiosensitizers seems to be closely related to their surface
functionality. While the above studies utilized uncoated AuNPs, another study showed that 5
nm  AuNPs coated with the gadolinium chelating agent dithiolated
diethylenetriaminepentaacetic ~ gadolinium  (Au@DTDTPA:Gd) did not exhibit
radiosensitizing effect in both tumor cells in vitro and in vivo models (MC7-L1 tumor-
bearing mice). Instead, a chemotherapeutic effect was observed, which warrants further
investigation. The authors suggest that the radiosensitizing properties of AuNPs could
possibly be strongly reliant on the nature of their coating. However, the discrepancy over the
radiosensitizing effects of AUNPs may also be attributed to the different dimensions of AuNPs

used as well as the type of tumor cells under study.

AuUNPs as antiangiogenic agents

Interestingly, AuNPs have been reported to possess antiangiogenic property62. The exact
mechanism of action is still not clearly understood but it was observed that AuNPs bind
preferentially to vascular permeability factor/vascular endothelial growth factor
(VPF/VEGF)-165 and basic fibroblast growth factor (bFGF) primarily through the heparin-
binding domain. This has led researchers to suggest that AUNPs are able to inhibit angiogenesis
by preventing the downstream signaling effects of these mitogens on angiogenesis in cancer

cells.
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CONCLUSION

The field of NP research presents exciting potential for biomedical applications. Together
with an expanding knowledge base on the properties and effects of AuUNPs, they are currently
explored as potential tools for cancer therapy. Presently, exploiting AuNPs as sensitive
probes in the detection and imaging of tumors for diagnostic purposes, delivery agents for the
specific targeting of chemotherapeutic drugs to tumor cells, and enhancers in plasmonic
photothermal therapy and radiation therapy for the eradication of tumor cells appear to show
promise. In nanomedicine, the ultimate aim is to utilize NPs efficiently for the in vivotargeted
killing of tumor cells with no or minimal side effects. However, even the concept of attaching
ligands to the NPs so as to allow them to hone to the tumor appears logical and simple but is in
fact fraught with difficulties. In this light, NP research is still at its infancy since many factors
remain to be optimized before the application of NPs in cancer therapy becomes a clinical

reality.
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