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Abstract

Cancer is the current leading cause of death worldwide, responsible for approximately one quarter
of all deaths in the USA and UK. Nanotechnologies provide tremendous opportunities for
multimodal, site-specific drug delivery to these disease sites and Au nanoparticles further offer a
particularly unique set of physical, chemical and photonic properties with which to do so. This
review will highlight some recent advances, by our laboratory and others, in the use of Au
nanoparticles for systemic drug delivery to these malignancies and will also provide insights into
their rational design, synthesis, physiological properties and clinical/preclinical applications, as
well as strategies and challenges toward the clinical implementation of these constructs moving
forward.

Nanoparticles — materials with dimensions between 1072 and 1078 m — have been
systemically administered in humans since clinical approval of the first micellar drug
Sandimmune® by the US FDA in 1983 and the first polymer—drug nanoconjugate Adagen®
later, in 1990 [1]. Since then, an explosion of research in nanoscale diagnostic and
therapeutic agents has given rise to a range of biomedical nanotechnologies and platforms
[2-9], including protein—drug nanoconjugates [10], micelles [11-14], liposomes [15,16],
dendrimers [17-19], inorganic nanoparticles [8,20-27] and other polymer—drug
nanoconjugates [2,28-31] (Supplementary Table 1). Approximately over two dozen
biodiagnostic or therapeutic nanotechnologies have been approved for clinical use with 250
others in clinical development. The global market share for biomedical nanotechnologies is
expected to grow to US$70-160 billion by 2015, potentially rivaling the current worldwide
market for biologics [32]. These nanoscale constructs provide a range of multiple,
fundamentally new properties, which can be exploited in ways that can improve our ability
to detect, treat and monitor disease states. Further, the unique interactions between these
nanoscale materials and comparably sized physiological structures, proteins, organelles and
DNA, for example, can also be leveraged to compliment existing medical diagnostic/
treatment strategies and to foster the development of new and potentially more efficacious
approaches.
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Gold (Au) nanoparticles (AuNPs) exhibit a combination of physical, chemical, optical and
electronic properties unique from other biomedical nanotechnologies and provide a highly
multifunctional platform with which to image and diagnose diseases [33—-37], to selectively
deliver therapeutic agents [34,38-40], to sensitize cells and tissues to treatment regimens
[41,42], to monitor and guide surgical procedures [23,43,44], and to preferentially
administer electromagnetic radiation [45-48] to disease sites (Figure 1). Owing to their large
size, circulating nanoparticles preferentially accumulate at tumor sites and in inflamed
tissues due to the characteristically defective architecture of the vessels that supply oxygen
and nutrients to these tissues [49,50]. Once circulating nanoparticles extravasate through
these large vascular pores and into the disease site, they remain lodged due to
characteristically diminished lymphatic drainage and their low diffusivity [51]. First termed
by Maeda and Matsumura in 1986 [52,53], the enhanced per meability and retention
(EPR) effect provides a basis for the selective accumulation of many current high-
molecular-weight drugs currently in clinical use. AuUNPs can be used to deliver drugs and
imaging agents that otherwise exhibit low solubility and poor pharmacokinetics [54,55].
These platforms can deliver compounds that are intrinsically susceptible to enzymatic
degradation, as well as those that exhibit poor intracellular penetration (e.g., SiRNA) [39,56—
58]. AuNPs can be routinely surface functionalized with active ligands at densities (1.0 x
106 um=2) [59] that are 100- and 1000-fold higher than that achievable with conventional
liposomes [60] or poly(lactic-co-glycolicacid) nanoparticles [61], respectively, allowing
their binding affinity [62] to be optimized for a particular disease type, stage or patient.
Because of their comparability in size to the distances between cell-surface targets, Au
nanostructures can simultaneously engage multiple, adjacent receptor sites, achieving
increased selectivity in their uptake through this multivalent avidity [63].

The novel optical and electronic properties of AuNPs are particularly attractive for use in
multimodal drug-delivery applications where these structures can afford enhanced drug
pharmacokinetics/biodistribution and simultaneous hyperthermia [8,22,46,47,64,201] and
radiation therapy contrast [41,44,65-68], as well as photo-imaging contrast [33,35,44,65,69—
76], spectrochemical diagnostic contrast [34,37,43,77—79] and, when molecularly directed to
specific subcellular sites, intrinsic pharmacodynamic properties [8,9,80]. The ability of these
structures to act as photothermal therapeutic agents arises due to the delocalized nature of
their free (conduction) electrons and the increasing polarizability of these charge carriers at
the surfaces of these materials. These surface electrons exhibit collective modes of
oscillation (surface plasmon modes), which vary in frequency depending on the size/shape
of the nanoparticle and its dielectric environment [81]. Plasmon modes that result in a
dipolar charge density distribution can couple with and resonantly absorb optical photons of
the same frequency, resulting in a transient increase in the energy of these electrons
equivalent to that of the photon (Erermi [Au] ~—5.1 eV v. Evac) [82]. Plasmonic
photothermal heat generation [83] can thus be simplified as a three-step process: electron—
electron coupling; electron—phonon coupling; and phonon—phonon coupling. Electron—
electron coupling follows the energy absorption process, whereby the average (Fermi)
energy of electrons in the nanoparticle is transiently increased for a few hundred
femtoseconds. This increased electron energy decays via the coupled electronic and lattice
heat capacities of the material (i.e., energy per unit temperature), resulting in a transient (~1
ps) increase in the material’s lattice temperature and, thus, an increase in the volume of the
nanoparticle. Volume expansion equilibrates through phonon “breathing’ modes (phonon—
phonon coupling), whereby coherent oscillations of the atomic lattice (phonon vibrations)
dissipate energy, resulting in heat transfer to the surrounding media over several
picoseconds. The extent of macroscopic heat generation depends on the incident excitation
power and the particle, but, in most /7 vivo therapeutic applications, photothermal heat
increases often exceed 20°C [8,9,45-48,64,84]. By changing the size/shape/surface of the
AUNP, one can tune the wavelength of its plasmon absorption to coincide with spectral
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regions where the attenuation of photons by tissues and physiological fluids (i.e., water and
oxy/deoxyhemoglobin) is minimal [8,85]. For example, in the near-IR (NIR) window
(~650-900 nm), one can achieve upwards of 10 cm penetration depth through breast tissue
even at low (uW/cm?) laser power densities [8,9,86]. The local temperature increases
attainable using laser photother mal therapy (PTT) are sufficient to induce rapid tumor cell
death (necrosis) with minimal damage to surrounding tissues. In milder, hyperthermic cases
(AT~3-5°C) [87], deleterious physiological responses such as cell membrane disruption,
protein denaturation, metabolic signaling disruption, thrombaosis, tumor ischemia, the
induction of heat-shock proteins, signaling disruption, diminished membrane transport and
impaired DNA synthesis/repair can also lead to pro-apoptotic responses in particle-labeled
cancer cells [88,89]. Since AuNPs are comprised of a high atomic number (i.e., high-Z)
element, they have been shown to substantially to improve the efficacy of radiotherapy
treatments via tumor-localized photoelectron and Auger electron ejection, which can
damage the DNA of tumor cells in the local surrounding tissue [41]. Hyperthermia is also
known to synergize with radiotherapy treatments [90]; however, reports of multimodal
plasmonic laser PTT and high-Z enhanced radiotherapy using AuNPs have yet to be
explored.

Synthesis & conjugation of biomedical AuUNPs

Systemically deliverable AuNPs are most often synthesized by colloidal methods, whereby a
solution of Au salt is chemically reduced in the presence of surface stabilizers, which
prevent aggregation of the formed Au solution as a consequence of attractive Van der Waals
and depletion forces [91]. In most cases, spherical AuNPs are well suited for drug-delivery
applications due to the fact that they can be synthesized on a large-scale with high
monodispersity (Figure 2A). Unlike most AuNPs of complex geometry, spherical nanogold
can be synthesized using highly labile stabilizing ligands that allow for facile, efficient and
high-density ligand exchange. For example, the bond strength between the Au surface and
citrate anions [92] used in the common Turkevich/Frens method [93,94] is comparable to
that of a hydrogen bond and, is thus, easily displaced by more strongly bound thiols [95] or
amines [92]. Colloidal synthetic methods are often thought to follow a semi-Lamer growth
process, where chemical reduction of metal salt results in spontaneous particle nucleation
and subsequent isotropic particle growth. In contrast, the Turkevich/Frens method proceeds
via four overlapping steps: nucleation; aggregation of nuclei; slow isotropic growth via
reduction and/or coalescence/Ostwald ripening [96]; and rapid consumption of the Au
precursor [97]. Mechanistically, Au reduction occurs through a concerted redox reaction,
whereby citrate is both chemically oxidized by chloroauric acid and thermally oxidized by
heating to form dicarboxyacetone (DCA) [98-100]. Electrons from DCA serve to reduce
AuCls3 to AuCl, which is believed to form a bidentate complex with DCA. Particle nuclei
form via a disproportionation reaction, where AuCl complexes combine to form zero-valent
Au atoms and an AuCl3 complex. Here, particle size is generally adjusted by varying the Au
salt: citrate ratio or reaction pH [98,101]. Smaller AuNPs are often synthesized via Brust—
Schriffrin reduction of AuCI [102]. In this method, Au salt is dissolved in toluene by way of
a phase-transfer catalyst (e.g., tetraoctylammouium bromide) and borohydride is added to an
aqueous phase of the reaction mixture, forming Au clusters in the organic phase stabilized
by co-solvated alkanethiols. Although these particles exhibit novel molecule-like properties,
their use in biomedical application is typically limited to immunolabeling [103], x-ray
imaging [36] and radiotherapy [104] applications due to reported toxicity [105] at these
sizes.

In applications where photothermal heating/delivery or NIR excitation is desired, rod-shaped
AUNPs, as well as hollow and core—shell nanostructures are employed (Figure 2B).
Interested readers are directed to Dreaden et a/. for a more thorough review of the synthesis
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and applications of biomedically relevant Au nanostructures [9]. Au nanorods (AuNRs), a
particular focus of our group, are synthesized by a seeded growth method developed by
Murphy and co-workers, and Nikoobakht and El-Sayed [106,107]. Briefly, small (~1.5 nm
diameter) seed nanoparticles are formed via classical borohydride reduction of Au salt in the
presence of a cationic surfactant stabilizer. These seeds are then added to a solution
containing additional surfactant and Au salt that has been mildly reduced by ascorbic acid,
forming dehydroascorbic acid and resulting in an AuCl, —surfactant complex [108].
Collisions between the Au(l) complex and the seed particles, together with contributions
from surface-adsorbed halide ions, silver ions and crystallographically preferential
surfactant adsorption, results in the anisotropic growth of AuNRS approximately 10-20 nm
in width and up to 300 nm in length, depending on the specific synthetic conditions
employed [109]. Readers may wish to note that the bonding interaction between Au and
cetyltrimethylammonium bromide (CTAB) is atypical of almost all chemical conjugation
schemes involving AuNPs. Br~ anions are known to form atomic surface layers on Au and
other metals/semiconductors (i.e., adlayers) and also form electrostatically coordinate CTA*
cations and their micelles. The general consensus for AUNR-CTAB bonding involves the
formation of a Br~ adlayer on the AuNR surfaces which then coordinates N headgroups on
CTA". The aliphatic tail of surface-bound CTA* then associates with another CTA™ cation
oriented with its N*Br~ headgroup facing outwards [110].

Due to their ability to participate in noncovalent and covalent/dative bonding, AuNPs can
undergo facile surface chemistry. Once synthesized, the AuNP surface is surrounded by a
stabilizing agent, which creates an overall surface charge. These stabilizing agents offer the
possibility of conjugating a variety of biomolecules such as DNA, antibodies and
polypeptides through electrostatic interactions. Mclntosh et a/. utilized mixed monolayer
protected Au clusters coated with a cationic stabilizing agent, 11-
trimethylammoniumundecanethiol, to non-covalently attach the negatively charged
phosphate backbone of DNA to the surface of the nanoparticle [111]. UV-visible
spectroscopy and dynamic light scattering indicated that DNA conjugation to mixed
monolayer protected Au clusters did not induce instability or aggregates in the conjugated
solution. Huo and co-workers demonstrated that anionic, citrate-stabilized Au nanospheres
could be successfully coupled with prostate-specific antigen antibodies through electrostatic
interactions [112]. Here, conjugation was confirmed by the 20-nm increase in the
hydrodynamic diameter (HD) of the nanosphere after coupling.

Although noncovalent bonding provides a relatively easy mode of conjugation, coupling
ligands to the surface of AuNPs through covalent or dative bonding also increases conjugate
stability, necessary when particles are introduced into environments (e.g., high ionic
strength, high serum concentration) that would otherwise cause adverse effects such as
aggregation and insolubility. Traditionally, covalent attachment is achieved through a free
thiol, amine or carboxylate functional group, allowing for facile conjugation to a variety of
biomolecules and biopolymers. Au-S bonds are fairly robust (~40 kcal mol~1 [95]),
approximately half the strength of a typical C-C or C-H bond; in contrast, Au-N (~8 kcal
mol~1 [92]) and Au—COO~ (~2 kcal mol~1 [92]) dissociation energies are much weaker,
comparable to in strength with a hydrogen bond and, thus, easily displaced. One particular
advantage of AuNPs is their well-defined, high-density surface structure; while AUNP
surfaces [59] can be routinely functionalized with active ligands (i.e., not stabilizers) at
densities approximately 1.0 x 108 molecules/um?, those typically attainable using more
conventional liposomes [113] and poly(lactic-co-glycolic acid) nanoparticles [114] are two-
to-three orders of magnitude less — 1.2 x 10% and 4.4 x 108 molecules/um?, respectively.
Phadtare et a/. utilized the Au-N bond to conjugate AuNPs to polyurethane microspheres in
order to immobilize pepsin [115]. In this study, covalent coupling occurred between the N
atoms in polyurethane and the Au atoms on the surface of the nanospheres. While amines
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and other N-containing groups are utilized to adhere ligands to the surface of AuNPs, the
most common covalent bond and anchoring group is a thiol linker. The Au-S bond is fairly
strong (45 kcal/mol) and results from the soft atom characteristics of both Au and S [116].
Stabilizing polymers and biomolecules are often modified to contain an -SH group to
enhance their conjugation on the surface of the Au surface. This form of conjugation was
utilized by Kang et a/. to attach poly(ethylene glycol) (PEG) to 30-nm AuNPs, which
increased the particles’ stability in biological environments and allowed for the subsequent
conjugation of a nuclear-localizing signal peptide through free thiol groups located at
cysteine residues on the peptide [80]. Additionally, linker molecules can be modified to
contain a thiol group on one terminal end, which is used to attach to the Au surface and an
amine (—NH>) or carboxylic acid (~COOH) functional group on the other end. The free
functional group allows for drug coupling to the nanoparticle through traditional
ethyl(dimethylaminopropyl) carbodimide- and A-hydroxysuccinimide-catalyzed cross-
coupling (Figure 3).

As stated above, AuNPs are often conjugated to surface molecules that undergo ligand
exchange with the particle’s capping material and increase particle stability in physiological
environments. In biological settings, polymers such as PEG and oligoethylene glycol are
commonly used to help minimize nonspecific adsorption of other biomaterials on the
particle surface and increase particle stability in high-ionic strength environments, such as
cell culture medium and physiological fluids. Biocompatible polymers that exhibit low
(positive or negative) surface charge have also minimized the immunogenic response and
decreased the recognition of the AUNPs by macrophages and the reticuloendothelial system
(RES) [117]. Tong et al. have shown that AUNPs conjugated to branched PEG molecules
have increased blood circulatory half-life when compared with nanorods conjugated to
linear PEG [118]. The increased circulatory half-life was attributed to the extensive surface
coverage by the branched PEG ligands, allowing the nanoparticles to evade serum protein
binding.

Pharmacokinetics & biodistribution of AuNPs

AuUNP-based chemotherapeutics, namely drug delivery, are most effective when certain
biological barriers are overcome through nanoparticle design. Clearance by the RES is
common in all types of drug-delivery systems, as it occurs through opsonization and is
dependent on size; it can be circumvented through coating AuNPs with hydrophilic
polymers and decreasing the size of the nanoparticle. Amplified angiogenesis, a hallmark of
tumors, causes an increase in the tumor fluid pressure, preventing accumulation of
nanoparticles within the tumor interstitium. This barrier can be overcome by utilizing the
passive accumulation of AuNPs by extravasation of leaky tumor vasculature afforded by the
EPR effect (vide infra). Site/cell-specific drug delivery is particularly crucial in nanoparticle
drug-delivery systems and can be achieved through the functionalization of AuNPs with
both tumor-targeting ligands and therapeutic molecules [119]. In order to design AuNPs as
drug-delivery vectors, all of the abovementioned barriers must be considered and many
groups have done so by investigating the pharmocokinetics and different targeting strategies
for various nanoparticle designs.

In general, the typical size of nanoparticle-delivery systems is between 10 and 100 nm. With
this range of nanoparticle size comes a range of pharmacokinetic and biodistribution
parameters [120,121]. There have been many accounts of size-dependent blood half-lives
and biodistribution profiles for spherical AuNPs as well as rod-shaped AuNPs. De Jong and
co-workers detected AuNPs, by inductively coupled plasma mass spectrometry in the blood,
liver, spleen, lung, kidney, testis, thymus, heart and brain after intravenous injection of male
rats with 10-, 50-, 100- and 250-nm spherical AuNPs [122]. The highest amount of Au was
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detected in the blood, liver and spleen with lower amounts in the lungs, kidneys, testis,
thymus, heart and brain, 24 h post injection. AuNPs of 10-nm were the most widespread
through different organs, with the highest Au content in the liver, followed by the spleen
(i.e., organs of the mononuclear phagocyte system [MPS] or, formerly, RES). After 24 h,
the percent of injected dose of Au (g2 tissue) was found to be 46, 21, 44, and 31% in the
liver for 10, 50, 100 and 250 nm AuNPs, respectively, and in the spleen, these percentages
were 2.2, 1.3, 1.4 and 1.2%, respectively. When AuNPs are functionalized with PEG,
different trends are observed [123]. After tail vein injection of white rats, the accumulation
of Au in the liver and spleen appears to decrease with decreasing nanoparticle size from 50
to 15 nm. Conversely, the blood showed the greatest amount of Au after 24 h when 15-nm
PEG-AUNPs were administered. Having a higher concentration in the blood, the 15-nm
nanoparticles have a greater probability of recirculating and accumulating into RES organs,
as well as inflamed and/or malignant disease sites.

It is apparent from the abovementioned trends that a systematic examination of
pharmacokinetic and biodistribution parameters for different nanoparticle sizes and surface
chemistries must be done. Perrault et a/. have performed a thorough examination of blood
pharmacokinetics as well as tumor accumulation of AuUNPs 25-119 nm in HD, coated with
different molecular weights of PEG [124]. PEG was chosen as the surface coating for
AUNPs as it can reduce MPS uptake and clearance. Decreasing nanoparticle size and
increasing the molecular weight of the PEG coating increases the blood half-life, as
demonstrated after intravenous injection in CD1 mice. The trend is better displayed by
particle set A (Figure 4A). Passive tumor targeting, utilizing the EPR effect, was also
examined in athymic nude CD1 mice bearing subcutaneous MDA-MB-435 xenograft
tumors after intravenous injections of the PEG-coated AuNPs from particle set B (Figure
4A). The blood half-lives were similar to those observed in the non-tumor-bearing mice.
Although nanoparticle accumulation in the tumor is the target of this work, determining
nanoparticle uptake by MPS organs is important since any accumulation there will compete
with nanoparticle accumulation at the tumor site. For all nanoparticle sizes, accumulation in
the liver and spleen increased over time with greater apparent filtering capacity exhibited by
the spleen (% initial dose [ID] g1 tissue). Cumulative tumor accumulation was found to be
greatest for 61 nm HD PEGylated (5 kDa) AuNPs with trends following: 61>83>99>40>22
nm HD. Size-dependent permeation of the tumor interstitium was also evaluated after 8-h
circulation of PEGylated nanoparticles, revealing decreasing permeation with increasing
nanoparticle size. 61-nm HD PEGylated AuNPs (~32—-45 nm core diameter with 5 kDa
PEG) exhibited optimal blood half-life and tumor accumulation profiles with tumor
accumulation, MPS biodistribution and blood half-life comparable for increasing PEG
molecular weight. Due to their less optimal intratumoral penetration characteristics,
administration of a combination of 61-nm HD PEGylated AuNPs and sizes below may be
well suited for future therapeutic applications. Oh and co-workers have additionally
investigated size-dependent cellular uptake of cell-penetrating peptide functionalized
AUNPs, 2.4-89 nm in diameter, /n vitro [125]. Particles were conjugated to PEG dithiolate-
linked with the protein transduction domain of the HIV-Tat peptide and uptake was visually
assessed in COS-1 monkey kidney cells. Surprisingly, particles >16 nm (electron
microscopic diameter) exhibited negligible uptake while 5.5-8.2 nm AuNPs exhibited
predominant perinuclear and membrane localization. Nanoparticles of size 2.4 nm,
additionally exhibited nuclear localization.

The biodistribution profiles of rod-shaped AuNPs is also of current interest as these
structures have shown potential in drug- and/or gene-delivery applications [126-129] and
PTT [8,9,45-48,73,84]. Systemically administered, AuNPs (55 x 13 nm) with no polymer
functionalization have exhibited sustained circulation in the blood of Sprague-Dawley rats
over periods as long as 14 days [130]. Accumulation in RES organs was observed with a
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plateau in AuNP accumulation in the liver at 1 day circulation. Retention in the liver over 28
days was also found, suggesting diminished capacity for hepatobiliary clearance/excretion of
CTAB-capped AuNPs. Splenic accumulation exhibited a gradual increase over this time
period, with lung, kidney, heart, brain, bone and muscle accumulation likewise decreasing.
CTAB-AuUNPs were observed by transmission electron microscopy (TEM) in the lysosomes
of both the spleen and liver, owing to the digestive nature of the acidic lysosome
environment present in Kupffer cells of the liver and lymphocytes of the spleen. Fecal
excretion suggested some capacity for hepatobiliary excretion of these size AuNPs;
however, due to their lack of adequate polymer stabilization, these results may not reflect
those observable with PEGylated AuNPs. Much like the spherical AuNPs, PEGylation of
AUNPs can mitigate RES/MPS organ uptake [131]. Upon coating 65 x 11 nm AuNPs with
PEG, Niidome et al. observed no accumulation in major organs, with the exception of the
liver, 72 h post injection. Here, PEGylation imparted dramatic improvements to both the
pharmacokinetics and biodistribution profiles of systemically administered AuNPs. Von
Maltzahn and co-workers found that PEGylated AuNPs (5 kDa PEG-SH) can exhibit up to
17 h blood half-life in nude mice with approximately 7% ID tumor accumulation after 72 h
[47]. EI-Sayed and co-workers found that the blood half-life of PEGylated AuNPs is
reduced by 25-48% when co-conjugated with active targeting ligands and that subsequent
tumor accumulation is altered by =57 to +67% in nude mice (24 h, relative to fully
PEGylated nanorods) [132]. Systemically administered PEGylated AuNPs have exhibited
sustained RES organ accumulation over a 28-day period with liver accumulation decreasing
from approximately 72-63% ID and splenic accumulation decreasing approximately 8-7%
ID over this period. Like other nanoparticles, the blood half-life of PEGylated AUNPs
generally increases with PEG grafting density [121] and/or PEG molecular weight, both of
which can augment subsequent passive tumor accumulation.

Given their utility in drug delivery, one might reasonably question whether Au nanospheres
or nanorods are preferable for biomedical targeting/delivery. Although rod-shaped
nanoparticles exhibit greater /n vivo transvascular flux relative to spherical particles of
equivalent HD [133], these particles also exhibit diminished cellular uptake /n vitro[133].
Chauhan et al. have examined the transmembrane permeability, gel diffusivity and
transvascular flux of PEGylated semiconductor nanoparticles and nanorods of 33-35 nm
HD. They found that in all cases, nanorods exhibited optimal transport properties and 4.1-
times more rapid transvascular penetration, the latter likely due to reduced steric hindrance
from and viscous drag near vessel pore walls. Notwithstanding, Chithrani and co-workers
found that Au nanospheres (14 and 74 nm diameter by TEM) exhibit higher intracellular
accumulation in HeLa cervical carcinoma cells than either 14 x 40 or 14 x 74 nm AuNPs,
with 50-nm spheres exhibiting the highest accumulation among a range of sizes/shapes.
Readers may note, however, that direct comparison between Au nanospheres and nanorods
can be difficult given the surface ligands present during their synthesis and the extent to
which they can be exchanged to match one another’s physiochemical properties.

Targeting approaches for biomedical AUNPs

Passive targeting, active targeting, or a combination of both strategies can be used to achieve
tumor-specific particle accumulation and drug delivery. Passive targeting utilizes the EPR
effect, characteristic of many diseased sites [134]. Active targeting can be achieved by
conjugating AuNPs with various tumor-targeting agents, such as antibodies, peptides, and
small molecules such as folic acid.

Efficient accumulation of AuNPs in diseased cells, organs and tumors is necessary to
achieve optimal drug delivery. With passive targeting being important for the accumulation
of AuNPs at diseased sites, Chithrani ef a/. studied the size and shape dependent targeting of
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spherical AUNPs and AuNPs to HeLa cells [135]. Inductively coupled plasma atomic
emission spectroscopy was used to determine the Au content in cells after incubation with
nanoparticles. Cellular uptake kinetics showed that 50 nm citrate-capped spherical AuNPs
exhibited optimal (per particle) uptake relative to 14, 30, 74 and 100 nm citrate-AuNPs
(50>30>14>74>100 nm core diameter). Uptake half-lives of 14, 50, and 74 nm AuNPs were
2.10, 1.90, and 2.24 h, respectively. When these nanoparticles were coated with a serum
protein known to enter cells via transferrin receptor-mediated endocytosis (transferrin),
uptake decreased. Prior to transferrin modification of the AuNPs, the overall charge on the
nanoparticle surface is negative due to the adsorbed citric acid groups, which would be
expected to display decreased uptake into HeLa cells caused by electrostatic repulsion with
the negatively charged cell surface. Therefore, it is possible that the citric acid groups desorb
or are charge (Debye) screened from the surface of the nanoparticle by nonspecific
adsorption of serum proteins, as suggested by infrared vibrational analysis, which showed
high concentrations of primary and secondary amines on the nanoparticle surface, which
would allow for uptake to take place unimpeded by charge—charge repulsion. Uptake was
found to be not only dependent on AuNP size and surface chemistry, but also shape.
Spherical citrate—AuNPs with core diameters of 74 and 14 nm showed greater per particle
uptake in HeLa cells than 74 x 14-nm citrate/CTAB-AuUNPs, by 500 and 375%, respectively.
The ratio of nanoparticle length to width also affected the uptake, such that 40 x 14-nm
nanorods display a greater uptake in HeLa cells than 74 x 14-nm particles. This result may
arise from the fact that the long axis of the AuNP could essentially take up more receptors
on the cell surface than the smaller nanorods or spherical AuNPs, thereby reducing
availability of receptors to other nanoparticles.

El-Sayed and co-workers have demonstrated the specific targeting of cancer cells (HSC and
HOC cell lines) with anti-EGFR-conjugated AuNPs via dark-field light scattering
microscopy [136-139]. Due to overexpression of EGFR on the surface of cancer cells, the
preferential binding of these nanoparticles to cancer cell surfaces was observed (Figure 5B
& C) relative to noncancerous HaCaT cells (Figure 5A).

Peptide conjugation is another method by which active, site-specific targeting of cancer may
be realized for enhanced drug delivery. Chanda et a/. recently utilized bombesin peptide
(BBN)-functionalized AuNPs to target the gastrin-releasing peptide (GRP) receptor with
high affinity. GRP is overexpressed particularly in prostate, breast and small-lung carcinoma
[140]. BBN-AuUNPs were administered intraperitoneally into prostate tumor-bearing severe
combined immunodeficiency mice to minimize particle uptake by liver Kupffer cells. BBN-
AUNPs exhibited GRP-enhanced tumor accumulation and decreased uptake in the liver, as
compared with radiotracer-labeled BBN and nonspecific protein-conjugated AuNPs. BBN
functionalization of AuNPs, thus, not only enhanced site-specific targeting of prostate tumor
cells, but also minimized RES uptake.

Dixit et al. developed a folate receptor-targeted AuNP by attaching PEG to the AUNP
surface via the disulfide moiety of thioctic acid and cross-coupling with folic acid [141].
Folic acid receptor (FR) is upregulated in many cancers, with the FR density increasing with
the stage/grade of cancer. After malignant transformation, FR becomes accessible in blood
circulation. Because FR has a high affinity for folic acid (Kq ~0.1 nM), folic acid
conjugation can result in high uptake via receptor-mediated endocytosis. AUNPs, 10 nm in
core diameter, were chosen due to their ability to passively target via the EPR effect. After 1
and 2 h incubation of FR-positive KB tumor cells with folic acid-AuNPs, TEM images
showed that 20% of the cells contained a large number of nanoparticles, whereas the PEG-
AUNPs appeared only at the periphery of the cells. To demonstrate the specificity of the
folic acid—AuNPs, incubation with WI-38 cells (FR-negative) showed minimal nanoparticle
uptake. The folate receptor-targeting competitive inhibitor, methotrexate, has also been
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conjugated to AuNPs and used for folate receptor targeting and enhanced methotrexate drug
efficacy /n vitro [142].

Hormone receptors are tremendously important in the growth and progression of
malignancies such as breast and prostate cancer. A total of 80-90% of breast cancers express
estrogen receptor (ER)[143] and 60—70% of prostate cancers express androgen receptor
[144]. Classically, these proteins function as intracellular gene transcription factors;
however, a significant portion of these and other hormone receptors are now known to be
plasma membrane associated [145] and participate in a range of nongenomic cellular actions
following post-translational palmitoylation and caveolin-1 association [146,147]. Because
these membrane-bound receptors maintain binding affinity for their endogenous hormones,
antibodies of their intracellular receptors and antagonist ligands[145,147,148], we and others
have recently proposed that membrane-localized hormone receptors may be viable cell-
surface targets for tissue-selective drug delivery of multifunctional nanoparticle conjugates
to breast and prostate cancers. Such strategies also provide opportunities for the use of
currently employed small-molecule hormone receptor antagonist chemotherapeutics as
combined targeting and therapeutic ligands for the targeted diagnosis and treatment of these
diseases. To this end, we have developed platforms for the selective delivery of
multifunctional AuNPs (~50 nm in HD) to breast and prostate cancers using polymer-
stabilized AuNPs. Anti-estrogen chemotherapeutic molecules were appended with thiolated
PEG at positions that minimally interfere with receptor binding, thus allowing nanoparticle
anchoring via Au-S bond formation. Anti-estrogen AuNPs were conjugated with a
derivative of the breast cancer chemotherapeutic tamoxifen. Optical dark-field light
scattering microscopy showed that our antiestrogen nanoparticles were selectively delivered
to ER-positive MCF-7 breast cancer cell in a receptor- and ligand-dependent manner. Time-
dependent dose—response cytotoxicity studies found that the nanoparticle conjugates were
more than four orders of magnitude more potent than their free drugs ligands, and that drug
molecule potency was enhanced two-to-three-fold compared with an equivalent
concentration of nanoparticle ligands. We observed no toxicity at therapeutically relevant
concentrations following endocytotic suppression (4°C), nor did we observe toxicity to ER-
negative breast cancer cells (MDA-MB-231). Anti-estrogen nanoparticles also competitively
engaged ER, demonstrating concentration-dependent suppression of uptake by estradiol
administration and near complete abrogation of cytotoxicity. /n vitrolaser PTT also showed
power-dependent cytotoxicity to breast cancer cells incubated with pM carrier
concentrations (24 h).

Targeting hepatocytes is important in drug-delivery treatments of liver cancer and in order to
improve the challenges faced with this type of drug delivery, Bergen et al. conjugated
AuUNPs with PEG and a monovalent galactose-targeting ligand (gal) specific to the
asialoglycoprotein receptor [149]. Using a mouse model, they tested the dependence of
AUNP size (50-150 nm HD, based on the 200 nm effective size limit for liver sinusoisal
fenestrations), surface charge, surface hydrophilicity and ligand density on hepatocyte
targeting. Hepatocytes were separated from the liver and, after only 20 min, 25% of the gal-
PEG-conjugated AuNPs had accumulated in the liver, while only 2% of the PEG-conjugated
nanoparticles were taken up by the liver. The 50-nm gal-PEG conjugated nanoparticles were
found to be best for hepatocyte targeting, exhibiting a 2.5-fold increase of Au in hepatocytes
compared with the 80-, 100- and 150-nm gal-PEG conjugated AuNPs and nonspecific PEG-
conjugated AuNPs. These studies suggest that the AuUNP can also be exploited as a vector
for specific nonviral gene delivery to hepatocytes in the future.
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Enhanced drug delivery & efficacy of AUNP conjugates

As stated earlier, the large surface area to volume ratio of AuNPs allow for high drug and/or
prodrug loading capacities, which can significantly lower the minimum effective dosages
relative to free drug molecules. Recently, several groups have focused on enhancing the
cytotoxicity of current chemotherapeutic drugs through AuNP coupling. El-Sayed and co-
workers utilized AuNPs conjugated to thiol-PEGylated tamoxifen derivatives to selectively
target breast cancer cells that overexpress the ER [38]. The PEG linker allowed for increased
particle stability in the cell culture media as well as reduced the nonspecific binding of
serum proteins to the surface of the conjugated particle. Increased potency of doxorubicin
hydrochloride (DOX) has been reported after its conjugation to natural gum reduced/
stabilized AuNPs [150]. DOX, a member of the anthracycline ring class of antibiotics, is one
of the most prominent chemotherapeutic drugs and is used for the treatment of a variety of
cancers. Although this drug is commonly used, it is limited by its extremely unfavorable
side effects and is, therefore, not approved for the treatment of certain cancers, such as brain
cancer. Dhar ef al. demonstrated that through the conjugation with AuNPs, a large increase
in DOX toxicity was achieved [150]. Reduced cell viability was attributed to the efficient
endocytotic uptake of DOX-conjugated AuNPs compared with the free DOX molecules,
which must passively diffuse across the membrane. Their results suggest that DOX-coupled
AUNPs could lower the effective dose administered to patients during treatment and aid in
the transport of the drug across the blood-brain barrier. Similarly, there has been
investigation into the cytotoxicity of oxaliplatin-conjugated AuNPs. Oxaliplatin is an analog
of cisplatin and is readily used in colorectal cancer chemotherapy. Its mechanism of action is
to intercalate into DNA and inhibit DNA synthesis in cancer cells. Although it is very
effective, oxaliplatin does not specifically target cancer cells and, therefore, can attack other
rapidly dividing healthy cells. In order to improve this form of chemotherapy, enhanced
drug delivery must be achieved. Brown et a/. demonstrated increased potency of oxaliplatin
when conjugated to the surfaces of AuNPs through thiolated PEG linkers [151]. Their
reported fivefold increase in /n vitro cytotoxicity after conjugation was again attributed to
the efficient uptake of the particle conjugates through endocytosis into cancer cells.

When introducing therapeutic agents in their ‘free’ form to a biological environment, their
cellular uptake can be limited by several factors including solubility, /n vivo stability and
nonspecific biodistribution. Several groups have shown that coupling chemotherapeutic
drugs to AuNPs helps improve the drug’s solubility and uptake into cancerous tissues
[54,55]. One treatment area that has the potential to greatly benefit from coupling to AuNPs
is photodynamic therapy (PDT). PDT is a form of cancer treatment that utilizes light,
photosensitizers and tissue oxygen [152]. Traditionally, photosensitizing agents such as
porphyrins are intravenously injected and passively accumulate in diseased tissues. After
photosensitizer accumulation, diseased tissues are excited by specific wavelengths of light,
causing energy transfer from the photosensitizer to molecular oxygen in the surrounding
tissue. This transfer of energy generates singlet oxygen, a reactive oxygen species that
induces cell death through apoptosis. A common and significant drawback to this form of
chemotherapy is the photosensitizer’s lack of solubility in physiological environments,
which inhibits its uptake/accumulation into the diseased tissues. In an effort to improve
PDT, Burda and co-workers conjugated Pc4, a photosensitizer, to 5-nm AuNPs and studied
the coupled particles’ uptake and delivery (Figure 6A) [153]. Unlike free Pc4, the
conjugated form was soluble in aqueous environments. Their experiments revealed that
tumor-bearing mice that had been injected with Pc4—AuNPs showed increased delivery and
accumulation efficiency at the tumor site after 2 h (Figure 6B). When only Pc4 was
intravenously introduced, it took an average of 2 days to achieve maximum drug
accumulation at the tumor site.
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Platinum (1V) prodrug complexes also have the potential to benefit from the coupling to
AuUNPs. Cisplatin, the active analog of Pt(IV) prodrugs, is a first-line chemotherapeutic drug
for a number of cancers including ovarian, cervical and testicular cancers. Although
cisplatin is very effective as a cancer treatment, it has a number of major side effects such as
kidney toxicity (nephrotoxicity) and irreversible nerve damage (neuropathy) [154,155]. In
order to combat these drawbacks, Lippard and co-workers utilized a Pt(IV) prodrug
compound tethered to an amine-functionalized DNA AuNP conjugate [40]. The Pt(IV)
compound was only activated into its cytotoxic cisplain form, Pt(l1), after crossing the cell
membrane and undergoing intracellular reduction. Their experiments showed a significant
increase in cytotoxic effects for the Pt(1V)-AuNP complex when compared with the free
Pt(IV) prodrug, as well as the (free) active form of the drug, cisplatin. Their results
demonstrated the capability of AuNPs to be used as drug-delivery vehicles in order to
improve a drug’s uptake and cytotoxic effects, while simultaneously providing potential
therapeutic and diagnostic imaging enhancement (vide infra).

photoactivatable prodrugs

In addition to facile surface modification and their large surface-to-volume ratio, AUNPs
also possess a number of other properties that can be employed in drug delivery
applications. AuUNP size/shape can be altered, affording the ability to tune their energy
absorption profiles for use in PTT of solid tumors [8,9,45-48,64,84]. PTT typically uses
laser exposure in the NIR (i.e., 650-900 nm) region, to induce cytotoxic damage in diseased
tissues through the selective administration of heat sufficient to induce hyperthermic cellular
responses [45,87-90]. NIR light is chosen for this form of therapy due to minimal
absorption by tissues and physiological fluids at these wavelengths [85]. AuNPs such as
nanorods, nanoshells and nanocages, which have maximum absorption in the NIR, are
optimal for this treatment method because they have the ability to absorb NIR light and
release the absorbed energy as heat at their localized accumulation site. Lin and co-workers
carried out the first demonstration of AUNP PTT in 2003 [156]. They used 30-nm Au
nanospheres that were conjugated with IgG antibodies to specifically target CD8 receptors
on lymphocyte cells. After /n vitro exposure to a nanosecond pulsed laser, 95% of cells that
were treated with the Au nanospheres were Killed.

Later, our group showed that AuNPs, with a maximum absorption at approximately 785 nm,
could also be used as PTT agents to effectively kill cancer cells while leaving healthy cells
unharmed [157]. AuNPs conjugated with antibodies to epidermal growth factor receptor
(anti-EGFR) were specifically targeted to human oral squamous cell carcinoma cells, which
are known to overexpress EGFR on their cell surface. Cancerous cells, which were labeled
with the conjugated AuNPs, showed cell death at half the minimum laser energy needed to
kill comparably treated healthy cells (Figure 7). Increased cell death at lower energies was
attributed to the increased labeling of the malignant cells, which caused a greater local
temperature increase and subsequent membrane disruption. Our group then expanded upon
this work further in 2008 by introducing AuNPs that had been functionalized with PEG to
nude mice by intravenous or interstitial injection [45]. PEGylated AuNPs showed tumor-site
accumulation and enhanced absorption in the NIR region after administration. Furthermore,
after exposure to a single continuous wave NIR laser, tumors that displayed AuNP
accumulation exhibited dramatic inhibition in tumor growth with minimal damage to
surrounding tissues. More than 50% of mice treated using our optimized treatment protocol
showed no detectable disease at 2 weeks following a single administration of PEGylated
AuUNPs and a single 10-min laser exposure (Figure 1B). One notable advantage for the use
of PEGylated Au nanotechnologies in the clinic is their classification by the FDA as a
‘medical device’ in PTT applications, allowing for substantially accelerated and less-costly
approval processes. Human pilot studies exploring the use of intravenously administered
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PEGylated silica—Au core-shell nanoparticles for NIR laser photothermal ablation of
recurrent and/or refractory head and neck tumors are currently ongoing in the USA
(NCTO00848042; Nanospectra Biosciences, Inc.), with ongoing human pilot studies
investigating the use of this technology for the treatment of primary prostate cancer in
Mexico. Both studies are scheduled to be completed in the middle of this year.

Recently, Van de Broek er a/. demonstrated that so-called *branched AuNPs’ functionalized
with nanobodies also have the capability to be used in PTT [158]. Nanobodies are the
smallest known fully functional antigen-binding fragments that were evolved from the
variable domain of a camel heavy-chain-only antibody. The conjugated nanobodies have the
ability to bind to HER2 antigen overexpressed on breast and ovarian cancer cells. In this
work, nanobody-conjugated branched AuNPs were incubated with HER2-positive SKOV3
human ovarian carcinoma cells. After incubation, it was shown that the conjugated
nanoparticles showed specific cell targeting when compared with control samples (Figure 8,
top panel). Most importantly, after 5 min of laser exposure with a continuous wave laser
(690 nm, 38 W/cm?2) malignant cells were efficiently killed (Figure 8, bottom panel). For
further reading, those interested are directed to a review by Dreaden ef a/. for a more
comprehensive discussion regarding various structures and approaches to PTT using Au
nanotechnologies [9].

Evasion of multiple drug resistance

Multidrug resistance (MDR) — the ability of cancer cells to become resistant to distinct
chemotherapeutic drugs of varying structure and functionality — has become a major
obstacle for cancer drug delivery. MDR can be intrinsic in a specific cell line or can be
acquired over time after repeated drug treatment [159]. One key player in MDR is P-
glycoprotein, an efflux pump that recognizes and expels upwards of 50% of all
chemotherapeutic drugs (e.g., anthracyclines, vinca alkaloids, taxanes, epidophyllotoxins,
mitomycins and camptothecins) out of the plasma membrane [160], lowering cytoplasmic
drug levels, increasing minimum-effective dosages and increasing off-target side effects. In
an effort to combat this issue, researchers have turned to nanoscale drug carriers, due to the
fact that nanoparticle coupling can augment drug transport and endosomally protect drugs
from P-glycoprotein recognition. Cheng and co-workers coupled DOX, a DNA intercalater,
to 5 nm PEGylated Au nanospheres through an intracellular enzyme-cleavable disulfide
linkage [161]. To assess their conjugates’ ability to overcome MDR, the intracellular uptake
and cytotoxicity of the AuUNP—drug conjugate was compared with the free drug in an MDR
cell line, HepG2R. Their results showed that DOX-functionalized nanoparticles had an
increased cellular uptake relative to that of free DOX, as well as an increased cytotoxicity
towards the MDR cell line. The increased cytotoxicity observed with the conjugated Au
nanospheres suggested that upon entry into the cell via endocytosis, the disulfide bond
between the nanoparticle and the DOX molecule was cleaved by the combination of thiol-
reducing enzymes and the acidic environment in the lysosomes. Wang et a/. used a similar
release strategy to investigate the ability of 30 nm AuNPs to deliver/release the DOX in
MCF-7/ADR cells, a breast cancer drug-resistant cell line [162]. In this work, DOX was
conjugated to Au nanospheres with a PEG spacer through an acid labile hydrazine linkage
(Figure 9A). The group proposed that the Au nanospheres would increase intracellular DOX
concentrations through endocytic uptake of the nanoparticles. Once inside the cell and acidic
organelles (i.e., lysosomes), DOX would be released and become available to interfere with
normal cellular processes (Figure 9B). To study the internalization and subsequent release of
DOX from the nanoparticle, nanosurface energy transfer was utilized. Once attached to a
AUNP, the fluorescence of DOX at 565 nm is quenched and was only restored after cleavage
of the hydrazine linker in acidic environments. Using confocal microscopy and flow
cytometry, they demonstrated that DOX conjugated AuNPs showed an increase in uptake
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and release of the drug when compared with the free drug. Tetrazolium assays also revealed
that the acid-responsive nanoparticles had increased cytotoxicity to the MCF-7 drug-
resistant cell line when compared with the free drug and DOX-AuNPs that did not have the
acid-responsive linker. This work suggests that AUNPs conjugated to chemotherapeutic
drugs can overcome MDR through the increased particle uptake by endocytosis and the
subsequent drug release.

Future perspective

While tremendous advances in the clinical translation of therapeutic Au nanotechnologies
have been forged over the past decade, there remains a substantial body of work yet to be
performed in order to realize broad acceptance of these platforms as first-line treatment
modalities. One area of particularly pressing concern is the potential toxicity of these
constructs and their unintended impacts on human health. In order to meet this urgent need,
the National Institute of Standards and Technology, the FDA and the National Cancer
Institute have established the Nanotechnology Characterization Laboratory to aid
researchers in the regulatory review, preclinical testing/evaluation, and eventual translation
of nanotechnologies intended for cancer therapies and diagnostics. While critically
important in the short-term, clinical translation would also benefit from long-term studies
investigating potential deleterious effects from chronic inflammation [163] associated with
diminished clearance of these particle constructs, potential mutagenicity, and effects on
reproductive health. Researchers in the field may also be better served to dispel many
common misconceptions about AuNPs, such as their prohibitively high cost of production in
large scale and our relative lack of exposure to these materials throughout much of the 20th
century. As just two examples:

L] The Au content present in a full-course dosage of TNFa—AuNPs recently
administered in a Phase | clinical trial (NCT00356980; Cytimmune Sciences,
Inc.) [164] currently costs less than US 12¢ per patient and the quantity of Au
salt used to produce the nanorods administered in our recent photothermal
ablation studies [45] currently costs less than 23¢ per mouse [165].

L] Recent studies indicate that nanoscale silverparticles can readily leach from
larger Ag nanoparticles, and even bulk Ag in the form of decorative earrings,
over the course of just weeks [166], suggesting that human exposure to noble
metal nanoparticles may date as far back as the advent of modern currency

Areas of research, such as high-throughput Au nanoconjugate synthesis/screening, low-cost
models to predict excretion and larger-scale /n vivo characterization to allow direct side-by-
side comparison of these constructs are currently underexplored and in great need. Going
forward, the biggest challenge to systemically delivered Au nanotechnologies will be mass
balance; that is, the demonstration of efficient clearance/excretion and accounting for the
subsequent accumulation/excretion of every microgram of these drugs that are administered.
Some areas of particular optimism include laser PTT for tumors in poorly accessible regions
or those near vital organs/tissues (e.g., vocal cords and nerves), enhanced radiation therapy,
isolated limb perfusion techniques and intraoperative ablation of tumor margins. Given these
challenges, those in the field should be mindful that although therapeutic Au
nanotechnologies may have advanced quite rapidly into the clinic, compared with liposomal
and monoclonal antibody technologies (which took nearly 30 years from their first
description as potential therapeutic agents to receive FDA approval), the field still has
tremendous room for growth and further exploration of the new and exciting properties/
functionality yet to be discovered and clinically applied.
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Key Terms

Au nanoparticles

Enhanced
per meability and
retention effect

Avidity

Hyperthermia

Near -I R window

Photothermal
therapy

Hydrodynamic
diameter

Au structures with dimensions between 1 and 100 nm, which can be
surface functionalized with as many as 1.5 x 107 molecules per
square micron. Sometimes, AuUNPSs can serve as photothermal,
photoacoustic, computed tomography, optical coherence tomography,
radiotherapy and surface-enhanced Raman scattering contrast agents.
When directed to discrete intracellular locations (e.g., peptide-
directed perinuclear localization), AuNPs can also exhibit selective
cytotoxic effects on cancer cells.

Posits that high-molecular-weight (nanoscale) compounds will
preferentially accumulate at the sites of solid tumors due to the
characteristically disordered architecture of their blood vessels, the
low diffusivity of these compounds preventing their diffusion away
from the tumor interstitium and the characteristically diminished
lymphatic drainage from tumor sites.

The ability of a macromolecule (or nanoparticle) to simultaneously
bind multiple, adjacent sites on a structure to afford it increasingly
selective target binding over mono-functional counterparts.

An increase in physiological temperature of 3-6°C or more that can
induce cellular damage to which malignant cells are increasingly
susceptible and which can act synergistically with chemotherapy,
radiotherapy and/or immunotherapy treatments. Implicated by Coffey
and co-workers as a possible contributor to the so-called ‘Lance
Armstrong effect’.

Tissue penetration by light is most efficient in the near-IR (650-900
nm) wavelength region due to minimal attenuation by tissues/
physiological fluids such as water and hemoglobin. Optical/near-IR
photoexcitation and imaging are most efficient at these wavelengths.

Selective administration of photons (often from a laser) that can
induce therapeutic temperature increases sufficient for hyperthermic
physiological response. Plasmonic photothermal therapy uses
nanoscale metal particles that exhibit surface Plasmon resonance to
serve as contrast agents that convert light into heat with high
efficiency.

The apparent diameter of a nanoparticle, which includes its core
diameter and contributions from its outer hydration shell.
Hydrodynamic diameter, rather than core diameter, largely dictates
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the ability of a circulating nanoparticle to extravasate into a tumor
site or to be excreted in the urine. Hydrodynamic diameter of an
anisotropic nanoparticle is approximately its orientationally averaged
hydrodynamic diameter.

Poly(ethylene The most common polymer used to sterically stabilize systemically
glycaol) administered Au nanoparticles and to shield them from full

immunogenic responses and/or protein adsorption. PEGylation
greatly increases blood circulation times.

M ononuclear Part of the immune system that consists of the phagocytic cells,
phagocyte located in reticular connective tissue. Uptake by the mononuclear
system phagocyte system is one of the primary off-target pathways by which
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Executive summary

Synthesis & conjugation: unique properties & unique applications

Au nanoparticles can be easily and cheaply synthesized in large scale for
cancer drug delivery, photothermal and intrinsic pharmacodynamic
therapeutic applications.

A 50-nm diameter Au nanoparticle can be chemically functionalized with
roughly 120,000 distinct molecules, often two-to-three orders of magnitude
higher than the surface-loading capabilities of liposomes and poly(lactic-co-
glycolic acid) nanoparticles, respectively.

Molecular groups, which anchor to the Au surface, can be modified to allow
externally controllable or intrinsically triggered tethering and/or release.

One Au nanoparticle can scatter as much light as 500,000 of the brightest
commercially available fluorescent molecules and 2000 of the brightest
commercially available quantum dots.

Contrary to popular misconception, the production and biomedical use of Au
nanoparticles is fairly low cost. For example, the Au content delivered in a
full-course dosage of TNFa—Au nanoparticles recently administered in a
Phase I clinical trial (NCT00356980) currently costs less than US 12¢ per
adult patient; the quantity of Au chloride used to produce the nanorods
administered in our recent photothermal therapy studies currently costs less
than 23¢ per mouse.

Phar macokinetics/ biodistribution: tumor-specific accumulation

Targeting:

Polymer-functionalized (PEGylated) Au nanoparticles can exhibit long
circulation times (as much as 51 h blood half-life) and can evade off-target
uptake and blood clearance associated with recognition by the immune
system.

Due to their relatively large size, these structures preferentially accumulate at
solid tumors due to the enhanced permeability and retention effect.

Au nanoparticles greater than 6-8 nm in effective hydrodynamic diameter are
not efficiently excreted in the urine and those approximately 50-60 nm in
hydrodynamic diameter often exhibit optimal cellular uptake and
intratumoral accumulation.

Blood half-life and tumor penetration typically scales inversely with Au
nanoparticle size for those not cleared in the urine.

molecular -specificity & chemically tailored interaction(s)

The accumulation and intracellular delivery of therapeutic Au nanoparticles
can be targeted by small molecules, peptides, proteins, nucleic acids
(including aptamers) and antibodies (as well as their fragments).

Binding affinity of an Au nanoparticle can be tuned by simply changing the
density of ligands on its surfaces, meaning that nanoparticle formulation can
be tailored to a particular cancer type, stage or biopsy sample immediately
prior to treatment.
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As these structures are comparable in size to the distances between cell-
surface target receptors, they can afford increasingly selective uptake versus
monofunctionalized molecules due to multivalent avidity.

Au nanoparticles are well suited for drug-delivery applications, but can
additionally serve as contrast agents for photothermal tumor ablation therapy,
photoacoustic tomography/cytometry, x-ray computed tomography, optical
coherence tomography, radiotherapy and Raman diagnostic imaging.

These structures can impart solubility to hydrophobic chemotherapeutics for
intravenous administration and can protect/deliver molecules such as nucleic
acids which are susceptible to enzymatic degradation and exhibit poor
intracellular penetration.

Phase | clinical trials found that PEGylated Au nanoparticles are well-
tolerated in humans at therapeutically relevant dosages for TNFa.

Au nanoparticles can allow increasingly specific and accelerated drug
delivery, which minimizes unintended side effects, increases tolerable
dosages and overcomes insensitivity in many treatment-resistance cell lines.
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Figure 1. Applications of colloidal Au nanoparticlesin drug delivery and laser photothermal

therapy
(A) Au nanospheres; (B) Au nanorods, (C) Au nanoshell; and (D) Au nanocages.

HIFU: High-intensity focused ultrasound; PEG: Poly(ethylene glycol); PPTT: Plasmonic
photothermal therapy; R6G: Rhodamine 6G.

(A2-A4) Reprinted with permission from [38,166,138]. © American Chemical Society
(2009, 2003 and 2006), respectively.

(B2-B4) Reprinted with permission from [45]. © Elsevier (2008); [167] © American
Chemical Society (2004); [140] © National Academy of Sciences (2010), respectively.
(C2;C4) Reprinted with permission from [48]. © National Academy of Sciences (2003);
[168] © Elsevier (1998), respectively.

(D2-D4) Reprinted with permission from [46] © Wiley-VCH Verlag GmbH & Co. KGaA
(2010); [169] © American Chemical Society (2006); [170] © Royal Society of Chemistry
(2011), respectively.
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Figure 2. Turkevich/Frens synthesis of Au nanoparticles and seed-mediated growth of gold
nanorods

(A) Au(lll) is reduced to Au(l) when citrate is oxidized to dicarboxyacetone in the presence
of chloroauric acid and/or heating. Au(l) chloride is believed to form a bidentate complex
with dicarboxyacetone, which undergoes a disproportination reaction to form (2) zero-valent
Au atoms and (1) Au(lll) chloride. (B) (i) Au(lll) chloride quantitatively displaces Br~
counterions in micelles of CTAB and subsequent borohydride reduction produces small
(~1.5 nm diameter) seed nanoparticles surface stabilized by a CTAB-bilayer.(ii) Au(ll)
bound to CTAB micelles is reduced to Au(l) by ascorbic acid. Directional growth of Au
nanorods occurs via crystallographically preferential reduction of Au(l) onto the seed
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nanoparticles. For simplicity, note that (B) omits shape-directing contributions from
adsorbed halide ions and Ag(l) ions.

CTAB: Cetyltrimethylammonium bromide.

(A) Data from [98,99].

(B) Data from [108,109,171].
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Figure 3. Reaction of ethyl(dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide coupling
commonly used to conjugate various moleculesto surface-functionalized Au nanoparticles.
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@ core diameter mPEG weight hydrodynamic blood half-Life tumor AUC tumor AUC
(nm) (+SD) (Da) diameter (nm) (h) (particle mass (ug)h/g) (% ID-h/g)

particle set A 17.72 (1.47) 2000 25.2 4.0
5000 34.8 29.7

10000 63.5

31.28 (4.83) 2000 42.8

5000 62.6

10000 77.5

45.03 (4.83) 2000 53.8

5000 60.4

10000 83.9

66.54 (5.69) 2000 75.7

5000 85.6

10000 105.8

86.73 (7.74) 5000 105.4

10000 1189

particle set B 16.6 (1.80) 2000 224

22.6 (2.68) 2000 39.6

32.5(5.16) 5000 61.3

43.3 (5.08) 10000 82.6

83.5(8.29) 10000 99.4

—_
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Figure 4. Pharmacokinetics of PEGylated Au nanoparticles

(A) Relationship between circulatory half-lives, hydrodynamic diameter and tumor
accumulation for spherical Au nanoparticles of varying size and thiolated PEG surface
stabilizer molecular weight. (B) The circulatory half-lives of PEGylated Au nanospheres are
inversely proportional to particle size and PEG molecular weight (for particles >16-nm core
diameter). (C) The similar pharmacokinetics of PEGylated Au nanoparticles in tumor-
bearing and nontumor-bearing mouse models.

PEG: Poly(ethylene glycol).

Reprinted with permission from [124]. © American Chemical Society (2009).
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Normal cells |
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Malignant cells
(HSC-3)

Figure5. Selective biodiagnostic labeling of cell cultures using antibody—Au nanoparticle
conjugates

(A) Nonmalignant HaCaT keratinocyte cells show only nonspecific labeling by Au
nanospheres conjugated with antibodies for anti-EGFR. Malignant (B) HSC-3 and (C)
HOC-313 squamous cell carcinoma cells show high binding with anti-EGFR Au
nanoparticles due to their characteristically high cell-surface EGFR expression levels.
Reprinted with permission from [136]. © American Chemical Society (2005).
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Figure 6. Conjugation and in vivo tumor accumulation of a photodynamic ther apy
photosensitizer—Au nanoparticle conjugate

(A) AuNPs were functionalized with Pc4 photosensitizer through Au-N bond formation at
the terminal amine group on the Pc4’s axial ligand. Fluorescence images of a tumor-bearing
mouse at (B) 1 min, (C) 30 min and (D) 2 h after intravenous injection with Pc4—AuNPs.
Fluorescence from Pc4 molecules indicated efficient delivery and accumulation of the drug
in the rear flank tumor site (white circle). (E) Mice injected only with Pc4 exhibited no
appreciable drug circulation or tumor-specific accumulation.

AUNP: Au nanoparticle; NP: Nanoparticle; PDT: Photodynamic therapy; PEG:
Poly(ethylene glycol).
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Reprinted with permission from [153]. © American Chemical Society (2008).
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HaCaT benign cells

HSC malignant cells

Figure 7. Selective targeting and in vitro near-I R plasmonic photother mal therapy of cancerous
and noncancerous cell lines

(A) Au nanorods conjugated with antibodies to anti-EGFR showed increased labeling of
HSC-3 and HOC malignant cell lines which overexpress EGFR, whereas nonmalignant cells
remained unlabeled. (B) Near-IR laser exposure at various laser powers revealed that
malignant cell lines were killed at and above 19 W/cm? while nonmalignant cell lines
required 57 W/cm?.

Reprinted with permission from [157]. © Elsevier (2006).
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P

Figure 8. In vitro near-IR photothermal therapy using nanobody-conjugated branched Au
nanoparticles

Specific labeling of SKOV3 cells was achieved using (A) HER2 antibody (anti-HER2) and
(C) PSA antibody (anti-PSA) Au—-NP conjugates. Non-conjugated (B) anti-HER2 and (D)
anti-PSA exhibited no image contrast. (E—H) Near-IR laser (continuous wave, 690 nm, 38
W/cm?) treatment for 5 min showed increased cell death with increasing incubation
concentration of anti-HER2-Au NPs.

NP: Nanoparticle; OD: Optical density (concentration); PSA: Prostate-specific antigen.
Reprinted with permission from [158]. © American Chemical Society (2011).
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Figure 9. Internalization and delivery of the chemother apeutic drug doxorubicin in multidrug-
resistant breast cancer cellsthrough conjugation with Au nanoparticles

(A) Au nanoparticles were functionalized with DOX through an acid-liable poly(ethylene
glycol) linker. (B) DOX-Au nanoparticles enter the cell through endocytosis and
subsequently released the conjugated drug once in the acidic endo/lysosomal environment.
Drug release, here, can be monitored using DOX fluorescence, which becomes de-quenched
upon released from the Au nanoparticle.

DOX: Doxorubicin; MDR: Multidrug resistance.

Reprinted with permission from [162]. © American Chemical Society (2011).
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