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Cancer-Targeting Multifunctionalized Gold Nanoparticles in Imaging and Therapy
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Abstract: Nanotechnology has provided many promising nanoplatforms for targeted cancer imaging and therapy. Among these
platforms, gold nanoparticles (GNPs) play a unique role in medicine because of their excellent physical and chemical properties. To
expand the applications of GNPs in medicine, amounts of targeting moieties, imaging labels, and therapeutic agents have been integrated
into these particles to form multifunctionalized GNPs. In this review, we highlight recent advances of the fabrication of cancer-targeting
multifunctionalized GNPs and their applications in imaging and therapy.
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1. INTRODUCTION

To treat cancer, an effective drug must not only kill tumor cells,
but also be soluble in water in order to travel through the
bloodstream, evade the immune system to avoid being cleared out
by the liver or kidneys, and find its targets. Traditional small-
molecule drugs have to incorporate all these functions into single
molecules.

Nanomedicine employs nanoparticles as imaging probes and
therapeutic agents to treat cancer and other human disorders [1].
Unlike traditional medicines, nanomedicine can be artificially
engineered to optimize multiple functions and combine different
components into a single nanostructure. Nanoparticle surfaces can
be tailored for solubility, friendliness to immune cells, and target-
seeking ability, while the particles’ drug cargoes can also be built to
kill tumor cells [2]. For decades, nanoplatforms such as liposome,
polymer, protein-bound particles, gold nanoparticles (GNPs),
superparamagnetic iron oxides, and quantum dots have been
developed for imaging and therapy of cancers (Fig. 1) [3-8]. Of
these, “proof of concept” has been provided for GNPs for diagnosis
and therapy of various types of cancers, and thus GNPs present
realistic potential for clinical translation [9]. Their unique physical
and chemical properties include biocompatibility, size- and shape-
dependent optical and electronic features, and readily modifiable
surfaces [10].

GNPs can target tumors passively or actively (Fig. 2). Passive
targeting uses the unique properties of the tumor microenvironment,
especially (1) the leaky tumor vasculature, which is more
permeable than normal tissue to macromolecules, and (2) a
dysfunctional lymphatic drainage system, which increases retention
of macromolecules in the tumor tissue [13-17]. These effects
generate enhanced permeability and retention (EPR), which allows
GNPs to extravasate through these gaps into extravascular spaces
and accumulate inside tumor tissues [18]. The biggest limitation of
passive tumor targeting is the inability to achieve a sufficiently high
level of nanoparticle concentration at the tumor site, resulting in
low therapeutic and imaging efficacy and eliciting undesirable
systemic adverse effects [16]. In the EPR effect, although poor
lymphatic drainage helps enrichment of extravasated nanoparticles
in the tumor interstitium, it also induces nanoparticles’ outflow
from the tumor as a result of elevated osmotic pressure in the
interstitium, which eventually leads to their redistribution in some
portions of the cancer tissue [18, 19]. To overcome these
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limitations, the alternative strategy of conjugating the targeting
moieties such as tumor-homing peptides, aptamers, or antibodies to
GNPs to obtain targeted GNPs can be used. Many active targeting
strategies, in fact, use the EPR effect so that active and passive
targeting mechanisms act synergistically in many of the targeted
delivery systems [16].

2. MULTIFUNCTIONALIZED GOLD NANOPARITLCES
(GNPS)

Multifunctionalized GNPs are composed of GNPs surrounded
by targeting moieties; therapeutic payloads; and hydrophilic
polymer coatings such as polyethylene glycol (PEG),
polysaccharides, poloxamines, or poloxamers. As these platforms
are compatible with X-rays, they have been developed as
radiotherapy enhancement agents and computed tomography (CT)
imaging contrast agents.

2.1. GNPs

On the basis of their shapes and physical properties, GNPs are
divided into several subtypes (Fig. 3). The earliest studied GNPs
were gold nanospheres; subsequently, gold nanorods and nanocages
were reported. The most popular method to synthesize GNPs is by
chemical reduction of gold salts such as hydrogen tetrachloroaurate
(HAUCI,) using citrate as the reducing and stabilizing agent [21].
This method produces monodisperse spherical GNPs of diameters
10-20 nm. However, production of larger GNPs (40-120 nm) by
this method offers low yields, often resulting in polydisperse
particles. Brown and Natan reported a seeding approach for the
synthesis of monodisperse GNPs of diameters 30-100 nm [22]. This
method uses the surface of GNPs as a catalyst for the
hydroxylamine-driven reduction of Au®*. Subsequently, Murphy
and colleagues employed this seed-mediated growth approach to
control the shape and size of the nanoparticles [23, 24].
Borohydride-reduced GNPs seeds (3-4 nm in diameter) were mixed
with a gold salt growth solution, rod-shaped micellar template
(cetyltrimethylammonium  bromide; CTAB), reducing agent
(ascorbic acid), and small amounts of silver ions for shape
induction to produce spheroid or rod-like GNPs. They also
improved this methodology to produce monodisperse, multiple-
shaped GNPs [25, 26]. Other methods for synthesizing GNPs
include galvanic replacement reaction (gold nanocages) [27-30],
and photochemical reduction (cubic GNPs) [31].

2.2. Targeting Moieties

Targeting moieties currently used are monoclonal antibodies
(mAbs), antibody fragments, peptides, proteins, aptamers, and
small molecules (Fig. 4) [15].

© 2011 Bentham Science Publishers Ltd.
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Fig. (1). Development of nanoplatforms for cancer imaging and therapy (abbreviations: EPR, enhanced permeability and retention; SP1O, superparamagnetic

iron oxide) (adapted from Refs. [8, 11, 12]).
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Fig. (2). A schematic diagram showing the mechanism of passive tissue targeting and active cellular targeting (adapted from Refs. [15, 20]).

In the last 25 years, 10 anticancer mAbs have been approved by
the Food and Drug Administration (FDA) for clinical use [34].
Although some antibodies such as Mylotarg™ have been
withdrawn from the market [35], mAbs are still the preferred class
of targeting moieties. However, the Fc domain of an intact mAb
can also bind to the Fc receptors on normal cells, as in the case
of macrophages. This may lead to increased immunogenicity and
evoke an immune response, leading to uptake of nanocarriers by
the liver and spleen [15]. Because of these limitations and

challenges in using whole antibodies, there is an increasing interest
in using antibody fragments to improve tumor penetration but retain
a high antigen-binding specificity [36]. These include the
monovalent (Fab, scFv, single variable Vy and V| domains),
bivalent [F(ab"),, diabodies, minibodies, etc.], and multivalent
fragments.

Peptides are becoming attractive targeting molecules because of
their high specificity, high affinity, small size, low immunogenicity,
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Fig. (3). Synthetic methods and transmission electron microscopy (TEM)/scanning electron microscopy (SEM) images of current GNPs: gold nanospheres
(adapted from Ref. [32], with permission from the American Chemical Society; copyright 2008), gold nanorods (adapted from Ref. [33], with permission from
the American Chemical Society; copyright 2008), and gold nanocages (adapted from Ref. [27], with permission from the American Chemical Society;

copyright 2008).
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Fig. (4). Common targeting agents and ways to improve their affinity and selectivity. (a) The panel shows a variety of targeting molecules such as a
monoclonal antibody or antibody fragments, nonantibody ligands, and aptamers. The antibody fragments F(ab")2 and Fab' are generated by enzymatic cleavage
whereas the Fab', scFv, and bivalent scFv (diabody) fragments are created by molecular biology techniques. Vy: variable heavy chain; V. : variable light chain;
Cy: constant heavy chain; C.: constant light chain. Nonantibody ligands include vitamins, carbohydrates, peptides, and other proteins. Aptamers can be
composed of either DNA or RNA; (b) Affinity and selectivity can be increased through ligand dimerization or by screening for conformational-sensitive
targeting agents such as affibodies, avimers and nanobodies, as well as intact antibodies and their fragments (adapted from Ref. [15], with permission from the

Nature Publishing Group; copyright 2007).

vessels and/or tumor cells, have been isolated [37, 38]. The use of

high stability, and easy preparation. Some tumor-homing peptides,
peptides as targeting moieties, such as Arg-Gly-Asp (RGD)

which are targeted specifically to tumor blood vessels, lymphatic
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Fig. (5). Diagram of multifunctionalized gold nanoparticles.

sequence containing peptides, have been shown to cause increased
intracellular drug delivery in different murine tumor models [39].
However, RGD also binds to other integrins such as asp; and o,
and is therefore not very specific to cancer cells, which may be
harmful to normal tissues and thereby limit its use.

Proteins, including human serum albumin (HSA), transferrin
and lectins, have been used as targeting moieties, drug-delivery
systems, or both [40-42]. However, expression of their receptors or
targets is not restricted to tumor tissues, which may pose harm to
normal tissues.

Aptamers are single-stranded DNA or RNA oligonucleotides
that fold into well-defined 3D structures and can be selected to bind
to a wide variety of targets, such as intracellular proteins,
transmembrane proteins, soluble proteins, carbohydrates, and small
molecular drugs [43-45]. Aptamers routinely achieve the same
affinities and specificities as therapeutic antibodies do, but without
the immunogenicity concerns of protein drugs. Several aptamers
have been developed to bind specifically to receptors on cancer
cells [46], and thus may be suitable for preparing aptamer
multifunctionalized GNPs. However, aptamers have not yet proven
viable in the therapeutic arena as their high molecular mass and
complex syntheses make them more expensive to manufacture than
small molecules. Moreover, their still largely unknown
pharmacokinetic properties make them harder to develop than any
given therapeutic antibody [47].

Small molecules have shown great promise as a class of
targeting molecules because of their small size and low cost of
production. Folic acid (FA) and biotin are the 2 of the most
extensively studied small molecules [48-52]. Because of the
binding between targeting molecules on GNPs and receptors on the
surface of cancer cells, GNPs can be selectively taken up by cancer
cells.

However, most commonly targeted receptors such as folate
receptors (FRs) are expressed not only on tumor cells but also on
normal tissue cells, which will causes unintended uptake of small
molecules in normal cells. Nonspecific binding and specific binding
to nontargeting cells can diminish the effectiveness of targeting
molecules. Alternatively, cancer cells typically overexpress
multiple surface receptors. The dual-ligand targeting approach has
been used to enhance cancer-targeting specificity. Efforts have been
made to target FRS/EGFR (epidermal growth factor receptor) [53],
transferring  receptor/glucose  transporter [54], and ofs
intergrin/galectin-1 receptor [55]. Our group has shown that dual-
ligand GNPs with FA and glucose can enhance cell recognition,
which enables them to kill human epidermal cancer cells (KB cells,
FRs positive) under X-ray irradiation at a dose that is safe to FRs
low-expression (such as normal) cells [56]. Without knowing the
surface receptor profiles on cancer cells, we identified highly
selective nanoparticles decorated with dual-targeting molecules by
scanning the cell surface with a dual-ligand GNPs array, which

varies the molecular diversity of the secondary ligands that
surround the primary ligand on GNPs [57]. We demonstrated that
this approach can be used to differentiate among cells that have
different surface receptors profiles surrounding a common primary
receptor expressed at high or low levels. The sensitive
differentiation of cells with high expression of a common primary
receptor with different secondary receptor profiles may be
potentially used to individualize treatment for patients.

2.3. Therapeutic Payloads

GNPs have provided nontoxic carriers for drug and gene
delivery applications [58]. Several types of therapeutic agents such
as proteins, peptides, nucleic acids, and small- molecule drugs have
been conjugated to GNPs to form GNPs-based nanodrugs (Fig. 5)
[59].

In an in vivo study, Paciotti et al. investigated the therapeutic
effect of PEG-coated GNPs with adsorbed tumor necrosis factor
(CYT-6091, GNPs-TNFs) [60, 61]. When GNPs-TNFs were
injected intravenously into mice, they rapidly accumulated in MC-
38 colon carcinoma tumors and show little to no accumulation in
livers, spleens (i.e. the RES) or other healthy organs. TNFs
provided both targeting and therapeutic action to kill the targeted
cells. Importantly, the particles were more effective than “free”
TNFs at reducing tumor mass.

GNPs-based nanodrugs such as CYT-6091 (GNPs-TNFs),
CYT-21001 (GNPs-TNFs-paclitaxel), CYT-31000 (GNPs-TNFs-
doxorubicin), CYT-41000 (GNPs-TNFs-1L12), and CYR-51000
(TNFs-1L2) have been tested in clinical trials [62-67]. Preliminary
data from the phase | study [63] indicates that CYT-6091 is seen in
tumors but not in surrounding healthy tissue, and that the
mechanism of targeting solid tumors is independent of tumor type.
To date CYT-6091 has not affected renal, liver or immune function
and no unexpected serious adverse events have been reported.
CYT-6091 induces a predictable and controllable febrile response,
but not yet induced hypotension, the dose-limiting toxic effect of
TNFs.

2.4. Advancements in
Tomography (CT) Imaging

Radiotherapy and Computed

Radiotherapy remains a major modality of cancer therapy, but
can cause significant biological damages, as it can also induce
degradation of healthy tissues. Hence, for the last 5 decades, efforts
have been devoted to increase its efficiency and tolerance, such as
better dose fractionation schedules or tomotherapy (radiation
delivered slice by slice). Despite these advances, normal tissue
toxicity remains a dose-limiting factor in clinical radiation therapy
[68]. Computed tomography (CT) is currently one of the most
useful diagnostic tools in hospitals in terms of availability,
efficiency, and cost. Conventional iodine-based contrast agents
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allow only very short imaging times because of rapid renal
clearance, renal toxicity, and vascular permeation [69]. X-ray
radiation therapy and CT imaging techniques are based on the use
of X-rays. When X-rays impinge on matter, several interactions
such as scattered photons (X-rays), photoelectrons, compton
electrons, auger electrons and fluorescence photons can occur (Fig.
6), leading to radiochemical (free radical and ionization) damage to
the tissues [70]. Gold is an excellent absorber of X-rays (100 keV:
gold, 5.16 cm? g%; iodine, 1.94 cm? g*) [71] and the X-ray
attenuation of GNPs is found to be much higher than that of the
iodine-based contrast agent at the same molar concentration [72].
Consequently, GNPs have been used as radiotherapy enhancement
[73-77] and CT imaging contrast agents [69, 71, 78-82] in vitro and
in vivo.

3. FABRICATION OF MULTIFUNCTIONALIZED GNPS

Targeting moieties and therapeutic payloads can be
noncovalently or covalently conjugated to GNPs to form
multifunctionalized GNPs. The noncovalent conjugation method
has the main advantage of being simple and applicable to almost
any type of targeting moiety or therapeutic drug. Covalent
conjugation may reduce molecular rearrangements and
conformation changes, provide cleavable bonds, and allow
directional arrangement of molecules on the surface of GNPs.
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3.1. Noncovalent Conjugation of Targeting Moieties and Drugs
to GNPs

Noncovalent conjugations of targeting moieties or therapeutic
drugs to GNPs form weak interactions between molecules and
GNPs. These interactions include electrostatic interactions,
hydrogen bonds, hydrophobic and van der Waals interactions
(Scheme 1) [83]. Noncovalent conjugation is simple and can be
applied to almost any type of targeting moiety or therapeutic drug.
Various noncovalent conjugates have been developed to detect
tumor markers and enhance CT imaging effect [78, 84-90].
However, noncovalent conjugation may lead to molecular
rearrangements and conformation changes, which may result in a
loss of their biological properties. The physical adsorption of
proteins is in general not sufficient to stabilize bare GNPs, and bare
GNPs are, in general, unstable in physiological solutions [90].

3.2. Covalent Conjugation of Targeting Moieties and Drugs to
GNPs

Covalent conjugation is commonly achieved through thiol
chemistry, through the formation of strong Au-S bond. Antibody,
antibody fragment, peptide, proteins, aptamers, and small molecules
have been used to fabricate multifunctionalized GNPs. Antibodies,
antibody fragments, peptides, and proteins have the similar
modifiable groups (-NH,, -SH, -COOH, -OH) on their surface,

O Thiol Chemistry

Q = ©

Gold nanoparticles Avidin Biotin

Targeting moiety or drug

_ ;'é}‘ HS ATE-

Oligonucleotide Aptamer

Scheme 1. Synthetic routes for the noncovalent conjugation of targeting moieties or drugs to GNPs.
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Scheme 2. Synthetic routes for the random conjugation of antibodies, antibody fragments, peptides, or proteins to GNPs.

which destines that these molecules possess the same covalent
conjugation methods. Most aptamers are conjugated to GNPs after
being modified by thiol group-containing linkers. Some small
molecules such as therapeutic payloads can be conjugated to GNPs
through cleavable bonds. Combinatorial surface modification has
also been achieved by using these methods.

3.2.1. Conjugation of Antibody, Antibody Fragment, Peptide, and
Protein to GNPs

Random Conjugation

The clear advantage of using covalent linkages over physical
adsorption is that covalent linkages prevent the competitive
displacement of the adsorbed targeting moieties by blood
components [91]. Antibody, antibody fragment, peptide, and
protein can be covalently conjugated to GNPs via the formation of
strong Au-S bond [9, 92-94]. To improve circulation time and
binding efficiency and reduce immunogenicity, use of spacers such
as PEG units is also recommended. Spacers can be covalently
linked at one end to GNPs via Au-S bond and at the other end with
amine groups by using EDC/NHS chemistry [20, 29, 95-102], the
well-established glutaraldehyde spacer method [103, 104], click
chemistry [105, 106], or the maleimide method [107] (Scheme 2).

Directional Conjugation

Amine groups on the surface of antibody, antibody fragment,
peptide, and protein may be a part of active sites; consequently,
their random modification may reduce the recognition ability.
Directional conjugation may provide a strategy to maximize
targeting moieties functionality. For example, antibodies, which are
glycoproteins, have been conjugated to GNPs through the Fc
region, where the polysaccharides are present. A heterobifunctional
linker, hydrazide-polyethylene glycol-dithiol, is wused to

directionally attach the Fc or nonbinding region of the antibodies to
the GNPs surface [108, 109] (Scheme 3). It is also possible to
achieve a directional conjugation using the following bonds:
aldehydes to the lysine-rich region of targeting moieties; epoxides
to the histidine-rich region of the targeting moieties and thiol to the
centre thiol groups of the targeting moieties obtained by reduction
[91].

3.2.2. Conjugation of Aptamers to GNPs

Covalent conjugation of aptamers to GNPs can also be achieved
most commonly through Au-S bond [110-112]. The aptamer is
typically modified to carry a terminal thiol group, which is in turn
conjugated to the surface of the GNPs or maleimide functional
groups present on the surface of GNPs. To enhance drug-loading
capacity, one part of oligonucleotide is often fused to the targeted
aptamers (Scheme 4) [81].

3.2.3. Conjugation of Small Molecules to GNPs

Generally, small-molecule targeting moieties or drugs can be
covalently conjugated to GNPs through Au-S bond by using various
organic reactions. For example, covalent conjugation of FA or
therapeutic drugs to GNPs can be achieved through succinimidyl
ester amine chemistry, which results in a stable amide linkage
(Scheme 5) [50-52]. FA must be conjugated to nanoparticles via its
y-carboxyl group in order to retain its receptor-binding activity
[113]. Therefore, conjugation of FA to the surface of nanoparticles
primarily focuses on reactions of the carboxyl group [114, 115].

3.2.4. Combinatorial Surface Modification

Chemical modification on the surface gives GNPs unique
physicochemical properties and, therefore, biological activities,
such as targeting properties. However, the conventional one-at-a-
time chemistry approach does not allow rapid identification of ideal
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GNPs. To accomplish this without a priori knowledge of multiple
targets, nano combinatorial chemistry, a system of rational design,
combinatorial synthesis and high-throughput screening offers ideal
opportunities in the burgeoning field of nanomedicine.
Nanocombinatorial chemistry enables (1) searching for an initial
lead through rational design, combinatorial synthesis, and high-
throughput screening, and (2) once a lead is available, optimizing
the lead in order to meet a set of criteria for nanomedicine
candidate. We have reported the development of a dual-ligand
GNPs (DLGNP) array to differentiate between cells that have
different surface receptor profiles surrounding a common primary
receptor [57]. We synthesized DLGNP by using FA as primary
targeting ligand and making the secondary ligand from a

combinatorial array (Scheme 6). Cell recognition was investigated
in 4 cell lines with various expression levels of FRs and totally
unknown receptor profiles considering secondary receptors. We
found a marked difference in cell binding and uptake of DLGNP in
different cells suggesting the different receptor profiles surrounding
FRs. Furthermore, multivalent bindings of DLGNP allow
differentiation of cells with high and low expression of FRs and
enhance the contrast between these cells in radiation-induced cell
death measurements. These powerful enhancements of cell
recognition and discrimination make nanoparticles powerful
candidate for developing personalized and safe medication for drug
delivery and radiation therapy.
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4. APPLICATION OF MULTIFUNCTIONALIZED GNPS IN
IMAGING

GNPs possess many unique features and have been investigated
for various applications in imaging, such as in CT, surface-
enhanced Raman spectroscopy (SERS), and photoacoustic imaging
(PALI). After functionalized with targeting moieties, GNPs gain the
molecular imaging potential for cancer diagnosis.

4.1. Enhanced CT Imaging Agents

Several studies have used GNPs as CT contrast agents in vivo
[71, 78, 79]. Compared with eXIA 160 (an iodine-based contrast
agent), heparin-coated GNPs give better liver-specific CT images in
vivo (Fig. 7). The outstanding properties of this platform system
highlight its potential as a novel liver-specific CT imaging agent
and a molecular imaging probe for assessment of the therapeutic
effect of anticancer drugs against liver cancer by a noninvasive
method [78].

Currently, CT is not a molecular imaging modality because
relevant targeted and molecularly specific contrast agents have not

yet been developed. To date, 3 types of targeted GNPs (antibody-
GNPs, aptamer-GNPs, and deoxyglucose-GNPs) have been
reported as molecular CT imaging contrast agents in vitro [69, 81,
82]. We expect that the CT molecular imaging technique will
revolutionize modern cancer diagnosis and staging by allowing the
reliable and sensitive detection of lymph nodes and other
metastases, which are not available today.

4.2. Surface-enhanced Raman Spectroscopy (SERS) and
Imaging

Raman imaging holds significant potential as a strategy for
biomedical imaging of living individuals. The Raman spectra and
Raman images of methylene blue molecules adsorbed as a single
layer on gold nanospheres were found useful to study plasmon
properties [116]. After this, 2 groups have independently reported
the in vivo targeted imaging of cancer by using Raman
spectroscopy and SERS nanoparticles. One study showed that
small-molecule Raman reporters (such as fluorescent dyes) were
stabilized by thiolated PEG and gave large optical enhancements
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NH,, DCC, NHS, THF; (VI) Boc,0, NEt;, MeOH; (VII) Thioctic acid, DCC, NHS, THF; (VIII) TFA/DCM, 1:4; (1X) Folic acid, DCC, Py, DMSO; (X)

HAUCI43H,0, NaBH, MeOH/H,0.

Scheme 6. Synthetic route for dual-ligand GNPs library. Thioctic acid is used as the linker molecule between GNPs surface and both the primary targeting
reagent (FA) and the secondary ligand. Six amines and five acyl chloride were selected to construct a library with 30 members (adapted from Ref. [57], with

permission from the American Chemical Society; copyright 2010).

[20]. When conjugated to tumor-targeting ligands, the conjugated
SERS nanoparticles were able to target tumor markers such as
EGFR on human cancer cells and in xenograft tumor models (Fig.
8). In another study, SERS nanoparticles composed of a gold core,
a Raman-active molecular layer, and a silica coating were used for
Raman imaging in vivo [117]. A minimum detection sensitivity of 8
pM of SERS nanoparticles was observed in a living mouse. As a
proof-of-principle, in vivo multiplexed imaging of 4 different SERS
nanoparticles was also demonstrated.

4.3. Photoacoustic Imaging (PAI)

Photoacoustic imaging (also called optoacoustic or
thermoacoustic imaging), as a hybrid biomedical imaging modality,
is developed based on the photoacoustic effect. In photoacoustic
imaging, non-ionizing laser pulses are delivered into biological
tissues (when radio frequency pulses are used, the technology is
referred to as thermoacoustic imaging). Some of the delivered
energy will be absorbed and converted into heat, leading to
transient thermoelastic expansion and thus wideband (e.g. MHz)

ultrasonic emission. The generated ultrasonic waves are then
detected by ultrasonic transducers to form images [118]. Several
types of GNPs have been used as contrast agents in photoacoustic
imaging because of their unique optical absorption properties [67,
119-125]. [Nle*, D-Phe’]-a-MSH, a melanoma-specific peptide,
functionalized gold nanocages (AuNCs) are compared with
PEGylated gold nanocages for their accumulation in tumors,
using the noninvasive PAI technique (Fig. 9) [124]. Fig. (9a)
shows the PAI signal enhancement in the melanomas as a
function of postinjection time. After 6 hours, the targeting
efficiency of [Nle*, D-Phe’]-a-MSH-AUNCs was approximately
thrice that of PEG-AuNCSs. The results agreed with those from
ICP-MS analyses of the gold content present in the tumors (Fig.
9b).

Photoacoustic imaging can provide 2D or 3D images of the
targeted areas and has the potential to image human organs, such as
the breast and the brain, with simultaneous high contrast and high
spatial resolution [126]. Current studies on PAI contrast
nanoparticles are focused on adding more features and optimizing
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Fig. (7). (a) Cross-sectional micro-CT images in livers 2 h postinjection of saline, eXIA 160 (800 mg | kg™), and HEPA-GNPs (250 mg Au kg™); (b) Three-
dimensional micro-CT images of livers obtained after 2 h post injection of saline, eXIA 160, and HEPA-GNPs (adapted from Ref. [78], with permission from

the Wiley-VCH Verlag GmbH & Co. KGaA; copyright 2009).

absorption properties. The next generation of PAI contrast agents is
expected to combine seamless detection and therapy capabilities
[120].

5. APPLICATIONS OF MULTIFUNCTIONALIZED GNPs IN
THERAPY

Multifunctionalized GNPs have been developed to deliver
drugs in a controlled manner. Hyperthermia-induced cytotoxicity
and enhanced radiation-induced cell death of GNPs enable
multifunctionalized GNPs to be used as photothermal-therapy and
radio-therapy sensitizers.

5.1. Drug Delivery

Multifunctionalized GNPs can target therapeutic payloads to
tumor tissues through active targeting. After being internalized by
tumor cells, therapeutic payloads can be released into the tumor
cells in a controlled manner.

5.1.1. Targeted Drug Delivery and Body Distribution

Several studies on the therapeutic applications of active targeted
GNPs reveal that drugs can be delivered to tumors through active
targeted GNPs [9, 20, 60, 61, 100, 127-129]. In a study of the

biodistribution of CYT-6091 (GNPs-TNFs) in a prostate tumor
bearing mice model, Bischof et al. [127] found that the 2
components of CYT-6091 (TNF-a and GNPs) exhibited different in
vivo behavior, with active TNF-a sequestering preferentially inside
the tumor within the first 4 h after injection. GNPs accumulated in
liver and spleen primarily between 4 and 24 h postinjection. The
amount of GNPs in the liver gradually decreased over the duration
of the study; only 35% of the injected gold was present in the
organs tested at 4 months postinjection. Both the liver and spleen
exhibited similar capacity per gram of tissue for GNPs uptake,
although the liver took up most of the GNPs owing to its larger
size.

5.1.2. Controlled Drug Release

Passive and active targeting can cause accumulation of
multifunctionalized GNPs in tumor tissues. Several anticancer
drugs, such as paclitaxel [130, 131], doxorubicin [50, 132] and
platinum-based drugs [133, 134] have been covalently or
noncovalently conjugated to GNPs to form multifunctionalized
GNPs for cancer therapy. After internalized by tumor cells,
multifunctionalized GNPs can release the entrapped therapeutic
drugs in a controlled manner.
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Fig. (8). In vivo cancer targeting and surface enhanced Raman detection by using ScFv antibody conjugated GNPs that recognize the tumor biomarker EGFR
(a, b). SERS spectra obtained from the tumor and the liver locations by using targeted (a) and nontargeted (b) nanoparticles. Two nude mice bearing human
head-and-neck squamous cell carcinoma (Tu686) xenograft tumor (3-mm diameter) received 90 ml of ScFv EGFR-conjugated SERS tags or pegylated SERS
tags (460 pM). The particles were administered via tail vein single injection. SERS spectra were taken 5 h after injection. (c) Photographs showing a laser beam
focusing on the tumor site or on the anatomical location of liver. In vivo SERS spectra were obtained from the tumor site (red) and the liver site (blue) with 2-s
signal integration and at 785 nm excitation. The spectra were background subtracted and shifted for better visualization. The Raman reporter molecule is
malachite green, with distinct spectral signatures as labeled in (a) and (b). Laser power: 20 mW (adapted from Ref. [20], with permission from the Nature
Publishing Group; copyright 2008).
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Fig. (9). (a) Time-course changes (%) in Photoacoustic imaging (PAI) amplitude after intravenous injection of [Nle*, D-Phe’]-a-MSH and PEG-AUNCs (n = 4
mice for each group). PAI signals increased up to 38 + 6% for [Nle*, D-Phe’]-a-MSH-AuUNCs while the maximum signal increase only reached 13 + 2% for
PEG-AuNC s at a post-injection time of 6 h (p < 0.0001). (b) The average number of AuNCs accumulated in the melanomas dissected at 6 h postinjection for
the 2 types of AUNCs as measured by ICP-MS. N tumor denotes the number of AuNCs per unit tumor mass (g). The average number of [Nle*, D-Phe’]-a-
MSH-AUNCs per tumor mass (3.6 + 1.0 x 10 ® AuNCs g ~*) was 3.6 times (p = 0.02) that of PEG-AuUNCs (1.0 + 1.0 x 10 ® AuNCs g ~%). The inset shows the
PAI of the melanoma at 6 h postinjection of [Nle*, D-Phe’]-a-MSH and PEG-AUNCs, respectively (Adapted from Ref. [124], with permission from the
American Chemical Society; copyright 2010).
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Glutathione-Mediated Release of Drugs

Intracellular glutathione (GSH) concentrations are substantially
higher than extracellular concentrations, making selective
intracellular release possible [135]. GSH can trigger the release of
payload from the nanoparticle surface inside the cancer cells. In a
recent study, Rotello et al. linked a hydrophobic dye (HSBDP) to
GNPs as a model of drug. GSH-mediated release was detected in
HepG2 cells by enhancement of the fluorescence signal (Fig. 10a).
In control experiments, low HSBDP release was found in mouse
embryonic fibroblast cells which had 50% lower intracellular GSH
levels than HepG2 cells [136, 137].

Photo-Regulated Release of Drugs

Drugs can be attached to GNPs through photo-switchable
bonds. “Caged drugs” lose their activities by covalent linkages and
their activities are restored upon photoirradiation [138, 139].
Nakanishi et al. demonstrated that GNPs with a photocleavable
succinimidyl ester allow the delivery of amines to cells [140]. Lin
et al. synthesized a gold-capped mesoporous silica nanoparticle
(MSN) (Fig. 10b); on photoirradiation, the photocleavable linker
covalently attached to GNPs was cleaved resulting in the release of
payloads [141].

pH-Mediated Release of Drugs

Cells can internalize particles from their surroundings and sort
these particles to particular destinations. Most targeted GNPs are
internalized by cancer cells via receptor-mediated endocytosis
(RME) which generally occurs via clathrin/AP2 coated pits and
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vesicles. The locations of internalized GNPs are endosome-like
and/or lysosome-like compartments, which are acidic organelles
containing a battery of degradative enzymes [20, 142].
Accordingly, acid-sensitive linkers can be adapted for drug delivery
and controlled release of drugs in cancer cells [143]. Gong et al.
recently reported the synthesis of FA-conjugated amphiphilic GNPs
with copolymers [50, 132]. The anticancer drug doxorubicin was
conjugated onto the hydrophobic inner shell of GNPs via an acid-
labile hydrazone linkage. The doxorubicin released rapidly at acidic
surroundings (pH = 5.3 and 6.6) (Fig. 10c), indicating that the
GNPs-DOX conjugate can be a promising anticancer drug.

Enzyme-Mediated Release of Drugs

To overcome the lack of tumor specificity and low solubility in
water, Hwu et al. incorporated paclitaxel by its thiol terminal onto
colloidal GNPs through ligands exchange experiments (Fig. 10d)
[131]. A flexible PEG spacer was used to increase biocompatibility.
Incorporation of the phosphodiester moiety in paclitaxel-containing
nanoparticles  enhanced the  cancer-targeting  capability.
Dephosphorylation reactions in cancer cells liberated paclitaxel
molecules from nanoparticles.

5.2. Hyperthermia-Induced Cytotoxicity

It has been recently shown that photothermal therapy by using
the absorption properties of gold nanospheres [144-148], gold
nanorods [149-153], and gold nanocages [128, 154-158], can
selectively Kill cancer cells. Nanorods are synthesized and
conjugated to anti-EGFR monoclonal antibodies and incubated in
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Fig. (10). (a) Structure of GNPs carrier and schematic depiction of the GSH-mediated surface monolayer exchange reaction which releases the payload,
HSBDP (adapted from Ref. [136], with permission from the American Chemical Society; copyright 2006); (b) Upan UV irradiation, the photoabile linker on
gold-capped mesoporous silica nanoparticles is cleaved, changing the surface charge property of GNPs from positive to negative. The charge repulsion
between the GNPs and mesoporous silica nanoparticles then uncaps the mesopores and allows the release of guest molecules (adapted from Ref. [141], with
permission from the American Chemical Society; copyright 2009); (c) The hydrazone linkage between the DOX and polymer on GNPs surface is prone to
hydrolysis in an acidic condition. The release rate of DOX from the NPs will increase in the acidic environment of the endosomal intracellular compartments
after they are internalized by cancer cells via the FA-mediated endocytosis (adapted from Ref. [50], with permission from the Elsevier Ltd; copyright 2009);
(d) Dephosphorylation often occurs more easily in cancer cells than in normal cells. Hydrolysis of the phosphodiester moieties with the aid of
phosphodiesterase can liberate free paclitaxel from GNPs (adapted from Ref. [131], with permission from the American Chemical Society; copyright 2009).
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cell cultures with a nonmalignant epithelial cell line (HaCat) and 2
malignant oral epithelial cell lines (HOC 313 clone 8 and HSC 3).
The targeted nanorods bind specifically to the surface of the
malignant cells. After exposure to continuous red laser at 800 nm,
malignant cells can be photothermally destroyed by approximately
half the laser energy required for nonmalignant cells (Fig. 11).
Thus, both efficient cancer cell diagnostics and selective
photothermal therapy are achieved simultaneously [149]. Small-size
GNPs can be efficiently internalized by cancer cells through
endocytosis. Kim et al. reported a smart GNPs that forms
aggregates inside the cells if pH value is change [159]. The pH-
induced formation of aggregates blocked the exocytosis by
increased size and shifted the absorption to far-red and near-
infrared, which thereby allowing maximal tissue penetration for
potential therapeutic applications.

GNPs can also be used to deliver of photodynamic therapy
(PDT) drugs. Most photosensitizing agents (e.g., phthalocyanines)
are hydrophobic and limited by the side effects and long
administration time (24 h to reach maximum accumulation in
tumors). PEGylated GNPs-phthalocyanine conjugates act as a
water-soluble and biocompatible cage that allows delivery of
hydrophobic drugs to their sites of PDT action. With this conjugate,
the drug administration time has been reduced to less than 2 h
[160].

5.3. Enhancement of Radiation-induced Cell Death

More than 50% of the people who develop cancer each year
receive radiation therapy as a component of their treatment. The
concept of using high-Z materials to decrease the radiation dose
during radiotherapy was introduced in the last decade after iodine
was found to sensitize cultured cells [161]. Unfortunately, iodine
radiosensitizers are not selective for cancer cells. Compared with
iodine, gold has a higher Z number and better biocompatibility.
Hainfeld et al. demonstrated that intravenously administered GNPs
(1.9 nm) could deliver high concentrations of gold to tumors (up to
0.7 % weight %) with specificity and thereby improve X-ray
therapy [162]. Later, several studies explored the enhanced
cytotoxicity of X-ray radiation when different modified GNPs were
used [163-167]. Chitarani et al. reported that GNPs, with a diameter

HaCat nonmalignant cells

HSC malignant cells

Jiao etal.

of 50 nm, showed the highest radio-sensitization enhancement
factor (1.43 at 220 kVp) compared to GNPs of 14 and 74 nm (1.20
and 1.26, respectively) [168].

6. IMPLICATIONS AND FUTURE DIRECTIONS

Passive and active targeting via nanoplatforms provides a
promising approach for cancer imaging and therapy. The
development of smart multifunctionalized GNPs that can deliver
therapeutic drugs or contrast agents to tumors in a controlled
manner may help improve the therapeutic index and imaging effect.
However, current studies indicate that achieving a preferred
accumulation of nanoparticles in the tumor tissue is still challenging
because of the binding and clearance of GNPs in the liver, kidney,
and spleen [9, 20, 60, 61, 100, 127-129]. Such a clearance decreases
the targeting efficiency and is toxic to the organs. To achieve a
more effective and specific accumulation of GNPs in tumor tissues,
the size, shape, and surface properties of the targeted GNPs should
be optimized. Likewise, novel structures used to evade the spleen,
liver, and kidney clearance and the corresponding fabrication
method should be developed in the near future.

Most cancer-targeting multifunctionalized GNPs can be
internalized into tumor cells through endocytosis pathway (RME)
and the intracellular localization of the GNPs is mostly endosome
and lysosome-like compartments [20, 142]. Lysosomes are acidic
organelles that contain a battery of degradative enzymes which can
degrade nucleic acids and proteins into their monomeric subunits.
In this microenvironment, small-molecule drugs can be released in
a controlled manner. However, most of the macromolecules such as
proteins and nucleic acids delivered through GNPs are degraded in
these organelles, which decrease the delivery efficiency of proteins
and nucleic acids. Therefore, novel multifunctionalized GNPs and
the corresponding fabrication method should be developed to
conquer these barriers for more efficient delivery.

GNPs have been extensively studied in CT, SERS, PAI, and
other cancer imaging modalities, which can be used in conjunction
with structural imaging techniques to diagnose, characterize, or
monitor tumors before and after therapeutic intervention. CT is
currently one of the most useful diagnostic tools in hospitals today
in terms of availability, efficiency, and cost. Currently, CT is still

HOC malignant cells

Fig. (11). Light-scattering images and photothermal therapy of cancer cells with anti-EGFR antibody conjugate Au nanorods. Light-scattering images are
taken after incubation with Au nanorods for 30 min at room temperature. The anti-EGFR antibody-conjugated nanorods bind specifically to the surface of the
malignant-type cells (HSC and HOC) compared with nonmalignant cells (HaCat) with a much higher affinity due to the overexpressed EGFR on the
cytoplasmic membrane of the malignant cells. After exposure to laser irradiation at power values of 120 mW, HSC and HOC malignant cells are obviously
injured but HaCat normal cells are not affected (adapted from Ref. [149], with permission from the American Chemical Society; copyright 2006).
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not a molecular imaging modality as the relevant targeted and
molecularly specific contrast agents have not yet been developed
[69, 169, 170]. Moreover, current CT is not efficient in detecting
tumors and metastases that are smaller than 5 mm [69, 171]. Future
development of multifunctionalized GNPs will enable CT to image
tiny tumor mass providing earlier diagnosis and quicker
information on treatment effectiveness.
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