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CONS P EC TU S

T oday, 1 in 2males and1 in 3 females in theUnited Stateswill develop cancer at somepoint during their lifetimes, and1 in 4males and
1 in 5 females in the United States will die from the disease. New methods for detection and treatment have dramatically improved

cancer care in the United States. However, as improved detection and increasing exposure to carcinogens has led to higher rates of cancer
incidence, clinicians and researchers have not balanced that increase with a similar decrease in cancer mortality rates. This mismatch
highlights a clear andurgent need for increasingly potent and selectivemethodswithwhich to detect and treat cancers at their earliest stages.

Nanotechnology, the use of materials with structural features ranging from 1 to 100 nm in size, has dramatically altered the design,
use, and delivery of cancer diagnostic and therapeutic agents. The unique and newly discovered properties of these structures can enhance
the specificities withwhich biomedical agents are delivered, complementing their efficacy or diminishing unintended side effects. Gold (and
silver) nanotechnologies afford a particularly unique set of physiological and optical properties which can be leveraged in applications
ranging from in vitro/vivo therapeutics and drug delivery to imaging and diagnostics, surgical guidance, and treatment monitoring.

Nanoscale diagnostic and therapeutic agents have been in use since the development of micellar nanocarriers and polymer�drug
nanoconjugates in the mid-1950s, liposomes by Bangham andWatkins in the mid-1960s, and the introduction of polymeric nanoparticles
by Langer and Folkman in 1976. Since then, nanoscale constructs such as dendrimers, protein nanoconjugates, and inorganic nanoparticles
have been developed for the systemic delivery of agents to specific disease sites. Today, more than 20 FDA-approved diagnostic or
therapeutic nanotechnologies are in clinical use with roughly 250 others in clinical development. The global market for nano-enabled
medical technologies is expected to grow to $70�160 billion by 2015, rivaling the current market share of biologics worldwide.

In this Account, we explore the emerging applications of noblemetal nanotechnologies in cancer diagnostics and therapeutics carried
out by our group and by others. Many of the novel biomedical properties associated with gold and silver nanoparticles arise from
confinement effects: (i) the confinement of photons within the particle which can lead to dramatic electromagnetic scattering and
absorption (useful in sensing and heating applications, respectively); (ii) the confinement of molecules around the nanoparticle (useful in
drug delivery); and (iii) the cellular/subcellular confinement of particles within malignant cells (such as selective, nuclear-targeted
cytotoxic DNA damage by gold nanoparticles).We then describe how these confinement effects relate to specific aspects of diagnosis and
treatment such as (i) laser photothermal therapy, optical scattering microscopy, and spectroscopic detection, (ii) drug targeting and
delivery, and (iii) the ability of these structures to act as intrinsic therapeutic agents which can selectively perturb/inhibit cellular functions
such as division. We intend to provide the reader with a unique physical and chemical perspective on both the design and application of
these technologies in cancer diagnostics and therapeutics. We also suggest a framework for approaching future research in the field.
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I. Photon Confinement: Imaging Probes,
Photothermal Therapy, and Spectroscopic
Detection

Gold nanoparticles are particularly attractive platforms for

targeted diagnostics and therapeutics due to their unique

optical and electronic properties. These structures can be

conjugated with upward of 1014 ligands/cm2 (102�103

times higher than that typically attainable with liposomal

or polymeric nanoparticles, respectively),1 and the selective

accumulation of gold nanoparticles at solid tumors can

facilitate highly efficient photothermal ablation via non-

invasive near-infrared (NIR) laser exposure2�6 (Figure 1a),

high-Z enhancedX-ray computed tomography/radiotherapy,7,8

noninvasive photoacoustic imaging/cytometry6,9,10 (Figure 1b),

contrast-enhanced optical coherence tomographic imaging11

(OCT, Figure 1c), and the electromagnetic enhancement in

noninvasive spectroscopic biomarker detection schemes

both in vitro12 and in vivo13 (Figure 1d).

Gold nanoparticles are also highly useful probes for

microscopic imaging-based applications. For example, the

resonant optical scattering intensity from a single 80 nm

gold nanoparticle15 is equivalent to the emission intensity of

500000 of themost efficient Alexa Fluor dyes or 2000 of the

most efficient Qdot 800 quantum dots.16 While gold nano-

particles have been used for decades as labels in immuno-

histochemical and electron microscopic analysis of tissue

sections,17 Sokolov et al. first demonstrated in 2003 that the

resonant scattering fromgold nanoparticles could beused to

image subcellular cancer biomarkers (EGFR) in vitro using

confocal reflectance microscopy of immunolabeled gold

nanoparticles (ca. 12 nm core diameter) for potential cancer

diagnostics, staging, and treatment monitoring. Our group18,19

has shown that simpler, less expensive dark-field optics can

also be used to obtain high-contrast scattering images from

immunolabeled gold nanoparticles in vitro, in this case in true-

color, to achieve the identification and selective (photothermal)

labeling of malignant cells (Figure 2a). Currently, the method is

in wide use for both the imaging and spectroscopy of nano-

particles and their labeling of living cells and tissues.20,21

Whilemild hyperthermic cancer treatments have been in

clinical use since the early 1980s,22 laser phothermal ther-

apy (or ablation) using plasmonic nanoparticles was first

demonstrated in 2003 by locally injecting so-called gold

nanoshells (silica�gold core�shell nanoparticles) directly

into the tumor interstitium and later by the passive accumu-

lation of systemically delivered nanoshells.23 Our group2

was the first to show that increasingly efficient3 gold

nanorods could be used as contrast agents for in vitro and

in vivo near-infrared (NIR) laser photothermal therapy to

achieve selective tumor cell ablation and resorption/remis-

sion in vivo (Figure 3). In the latter, NIR-absorbing PEGylated

gold nanorods were systemically or intratumorally adminis-

tered in mice bearing head and neck tumor models

(squamous cell carcinoma). Subsequent exposure of the

nanoparticle-loaded tumors for just 10 min was found to

result in upward of 20 �C temperature increases at the tumor

center, with minimal damage to surrounding tissues. Com-

plete tumor resorption was observed in more than 50% of

the group directly administered gold nanorods and 25% of

those systemically administered at 2 weeks post-laser

treatment.2 Subsequent studies by our group24 exploring

active targeting of these nanorods by (i) a single-chain

variable fragment (ScFv) peptide that recognizes the epider-

mal growth factor receptor (EGFR), (ii) an amino terminal

fragment (ATF) peptide that recognizes the urokinase plas-

minogen activator receptor (uPAR), or (iii) a cyclic RGD

peptide that recognizes the avb3 integrin receptor were

also performed (hydrodynamic diameter 68�81 nm, zeta

potential �5 to �25 mV). As expected, active targeting

significantly improved the cellular accumulation of these

nanoconjugates in vitro (A549 lung cancer cells). The blood

half-life of PEGylated gold nanorods was reduced by

25�48% upon co-conjugation with these active targeting

ligands and the tumor accumulation (24 h) of ATF- and ScFV

EGFR-targeted gold nanorodswas enhanced ca. 67 and46%

relative to passively targeted PEGylated gold nanorods

administered in mice models (Figure 4). Surprisingly, the

tumor accumulation of cyclic RGD-targeted gold nanorods

was significantly diminished (ca.�57%relative to PEGylated

gold nanorods), suggesting that laser photothermal therapy

using this specific formulation may be best suited to intra-

tumoral injection schemes. The use of gold nanocage25 and

hollow gold nanoparticles26 as contrast agents in preclinical

laser photothermal cancer therapy have also been subse-

quently explored by Xia and Li, respectively, and human

pilot studies investigating the treatment of refractory and/or

recurrent head and neck tumors using plasmonic laser

photothermal therapy are currently ongoing.27

The unique photophysical properties of gold nanostruc-

tures can be further leveraged to enhance a number of

spectroscopically relevant processes28�32 with applications

in biodiagnostics and treatment monitoring. These pro-

cesses include two-photon luminescence (TPL) imaging,33

metal enhanced fluorescence (MEF), optical coherence tomo-

graphy (OCT),11 photoacoustic tomography/cytometry,6,9,10
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FIGURE 1. Properties of gold nanotechnologies that can be used to enhance therapeutic treatment and diagnostic imaging of cancer. (a)
Photothermal therapy: gold nanoparticles can serve as contrast agents for the selective laser photothermal ablation of tumor cells. Arrow indicates
laser focus. Image obtained in collaboration with Prof. X. Huang (U of Memphis) and Prof. C.K. Payne (Georgia Tech). (b) Photoacoustic cytometry/
tomography: pulsed laser excitation of cells/tissues labeled with gold nanoparticles can be used to detect or sequester circulating tumor cells (CTCs,
upper panel) or to noninvasively image/diagnose/stage tumors and guide surgical procedures (lower panel). (c) Optical coherence tomography (OCT):
the backscattering and photothermal properties of gold nanotechnologies can be used to enhanceOCT contrast formonitoring diseasemetastasis to
the lymphatic system. (d) Surface enhanced Raman scattering (SERS): Electromagnetic near-field enhancements generated by gold nanoparticles can
improve noninvasive in vitro (upper panel) and in vivo (lower panel) spectral cancer diagnostics. Adaptedwith permission from (b) refs 9, 10 (c) ref 11,
and (d) refs 13, 14. Copyright (b) 2009 Macmillan Publishers Ltd.: Nature Nanotechnology and 2010 American Chemical Society, (c) 2011 American
Chemical Society, and (d) 2007 American Chemical Society and 2009 National Academy of Sciences.
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surface enhanced infrared absorption (SEIRA), and most

notably surface enhanced Raman scattering (SERS).34 In an

early study demonstrating the utility of SERS for in vitro

diagnostics, our group35 showed that conjugation of gold

nanorods with a nuclear localization sequence (NLS) peptide

greatly promotes their uptake by both malignant and non-

malignant cells (Figure 5a,b). High resolution Raman micro-

scopy found that spectral responses from the cells exhibited

increasing contributions from peptides, nucleic acids, DNA

backbone vibrations, chromatin, and histone structures upon

transfection. Moreover, malignant cells were also found to

selectively exhibit increasing contributions from adenine

nucleobases and a characteristic band at 398 cm�1, both of

FIGURE 3. First report demonstrating the use of gold nanorods as
contrast agents for laser photothermal cancer therapy. (a) Near-infrared
(NIR) transmission image of tumor-bearing mice (rear flank) showing
gold-nanorod contrast agents specifically accumulated at the tumor site
(dark, highly absorbing region). (b) Thermal transient measurements
from the tumor center during NIR laser exposure of gold nanorod-
loaded tumors treated by intravenous (left) and intratumoral (right)
administration. High thermal contrast is observed between particle-
treated mice (red curves) and controls treated by laser only (blue). (c)
Tumor regression following intravenous (green) and intratumoral (red)
laser photothermal treatment as compared to untreated controls (blue).
No detectable disease was observed at day 13 in >50% of the inter-
stitially treated group and 25% of the intravenously treated group. (d)
Dramatic tumor growth remission/resorption even in a weakly re-
sponding mouse treated by intratumoral nanorod injection (electron
microscopy, inset) and laser photothermal therapy versus sham (laser
alone) treatment. Adapted with permission from ref 2. Copyright 2008
Elsevier Science B.V.

FIGURE 2. In vitro applications of targeted gold nanotechnologies in
diagnostic imaging and photothermal therapy. (a) High optical scatter-
ing contrast from malignant cells selectively labeled with antibody-
conjugated gold nanospheres and nanorods (anti-epidermal growth
factor receptor, anti-EGFR). (b) Specific-labeling by these particles sig-
nificantly lowers the laser power exposure threshold required to kill
malignant, but not normal, cells. Adapted with permission from ref 19.
Copyright 2006 American Chemical Society.
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whichmay serve aspotential diagnostic cancermarkers. Prior

research by our group36 has also indicated that cell-surface

labeling can be useful in identifyingmalignant and premalig-

nant cells based on their characteristic overexpression

of epidermal growth factor receptor (EGFR, Figure 5c�e).

Here, SERS from malignant and nonmalignant cells was

FIGURE 4. Effects of active targeting on the in vitro uptake and in vivo
pharmacokinetics/biodistribution of anticancer gold nanorods. (a)
Electron micrographs of near-infrared absorbing colloidal gold nano-
rods and (b) their corresponding distribution of hydrodynamic dia-
meters. (c) Enhanced in vitro binding/uptake of actively targeted gold
nanorods as determined by mass spectrometry (ICP). In vitro accumu-
lation of single-chain variable fragment (ScFv), peptide fragment (ATF),
and cyclic cell-penetrating peptide (c-RGD) targeted nanorods was
significantly enhanced. In contrast, in vivo (d) pharmacokinetics, (e)
blood half-lives, (f) biodistribution, and (g) tumor-specific accumulation
was only marginally enhanced. Adapted with permission from ref 24.
Copyright 2010 American Chemical Society.

FIGURE 5. Applications of targeted gold nanotechnologies for spectral
cancer diagnostics. (a) Structure of a synthetic nuclear-localization
sequence (NLS) peptide derivative which (b) promotes cellular uptake
and cancer-selective perinuclear localization of gold nanorod biocon-
jugates. (c) Optical spectroscopy of immunolabeled gold nanorods (anti-
EGFR) showing low surface enhanced Raman scattering (SERS) from
normal cells and a high degree of cancer-specific spectral features
caused by the high density of SERS-enhancing particles labeling malig-
nant cells. (e) High-density orientation of the nanorods about the
malignant cell surface leads to polarized Raman scattering intensity
from the vibrations ofmolecules on the nanorod surfaces. Adaptedwith
permission from (a, b) ref 35 and (c�e) ref 36. Copyright 2007 American
Chemical Society.
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interrogated following labeling with polystyrene-coated gold

nanorods electrostatically conjugated with EGFR antibodies.

Optical dark-field scattering microscopy and high-resolution

microabsorption spectroscopy found that labeling of the

malignant cells was roughly 2-fold greater than the

nonmalignant cell line. Raman analysis found that 90% of

the malignant cells exhibited detectible SERS response while

only20%of thenonmalignant cells exhibiteddetectible SERS.

Moreover, due to the high density and orientation of these

nanorods about the surfaces of the malignant cells, SERS

signal was detected in a polarization-dependent manner,

FIGURE 6. Properties of nanoscale technologies that can be leveraged
to enhance the diagnosis and treatment of solid tumors. (a) EPR effect:
Polymer cast replicas of blood vessels in normal (left) and malignant
tissues (right) illustrate why high molecular weight compounds (i.e.,
nanoparticles) can preferentially accumulate at tumor sites supplied by
disordered vasculatures. (b) Multivalent avidity: unlike monovalent
ligands, nanoscale constructs can simultaneously bind multiple adja-
cent receptors to augment uptake/selectivity. (c,d) Enhanced stability:
70% of new active pharmaceutical ingredients fail in development
because of poor solubility;46 nanoscale carriers can enhance the circu-
latory half-lives, biodistribution, and intracellular penetration of water-
insoluble chemotherapeutics and proteins/nucleic acids (e.g., siRNA)
which are susceptible to enzymatic degradation and subject to poor
intracellular penetration rates. Scale bars represent 100 μm. Adapted
with permission from (a) ref 41, (b) ref 47, (c) ref 44, and (d) ref 45.
Copyright (a) 2009 Macmillan Publishers Ltd.: British Journal of Cancer,
(b) 2008 Macmillan Publishers Ltd.: Nature Reviews Drug Discovery, (c)
2009 American Chemical Society, and (d) 2010 National Academy of
Sciences.

FIGURE 7. Antiestrogen gold nanoparticles for hormone receptor-
targeted breast cancer treatment strategies. (a) Illustrationof 25nmgold
nanospheres conjugated with mixed self-assembled monolayers
(SAMs) of a high molecular weight polymer stabilizer and a polymer-
linked estrogen receptor antagonist, tamoxifen (TAM). Here, TAM acts
as a combined targeting and therapeutic moiety which binds mem-
brane- and cytoplasmic-estrogen receptor, inducing apoptosis. (b) High-
density gold nanoparticle ligation dramatically accelerates drug influx
rates via endocytosis of (104 TAMmolecules per particle) versus passive
diffusion of the free drug. (c) Optical dark-field scattering microscopy
shows nanoparticle uptake into breast cancer cells in a receptor- and
ligand-dependentmanner. (d) Time-dependent dose�response kinetics
show >104 enhanced drug potency from the targeted nanoparticle
construct with up to 2.7-fold enhanced potency per equivalent tamox-
ifenmolecule. Adaptedwith permission from refs 3, 52. Copyright 2009
American Chemical Society and 2011 Royal Society of Chemistry.
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serving as another potential diagnostic marker for cancer.

Natan,Gambhir, andNiehavealsoexplored the invivouseof

gold nanoparticles decorated with so-called Raman reporter

molecules for noninvasive imaging diagnostics,37 surgical

guidance,38 and multiplexed in vivo labeling application.39

II. Molecular Confinement: Drug Delivery
Gold nanoparticles exhibit a range of propertieswhichmake

them particularly amenable to systemic delivery applica-

tions. Due to their relatively large size, these constructs

can preferentially accumulate at tumor sites due to the

enhanced permeability and retention (EPR) effect40,41

(Figure 6a) and because of the high density of atoms on

their surfaces, their receptor binding affinity can easily tuned

over several orders of magnitude.42 Because multivalent

nanoconjugates are large enough to occupy multiple, adja-

cent cellular binding sites,43 enhanced avidity can greatly

improve the selectivity of their targeting, uptake, and/or

delivery (Figure 6b). These platforms protect and facilitate the

delivery of physiologically unstable diagnostic/therapeutic

agents or those which exhibit poor intracellular penetration

(e.g., hydrophobic chemotherapeutics (Figure 6c),44 enzymati-

cally degradable siRNA (Figure 6d),45 etc.).

One of the earliest reports involving the use of gold

nanoparticles in drug delivery applications came in 1954,

when Root et al. investigated the clinical use of colloidal

Au198 particles for radiotherapy treatment of liver cancer

and leukemia, bothwithminimal success.48 In 2001, Paciotti

and Tamarkin began research studying the use of gold

nanoparticles as a platform for the delivery of tumor

necrosis factor R (TNFR) to solid tumormodels inmice.49,50

Subsequent phase I clinical trials found that the PEGylated

27 nm diameter gold nanoparticles were well tolerated in

patients and able to safely deliver TNFR at dosages 3-fold

higher than the previously reported maximum tolerable

dose for the lone drug with no serious adverse side effects;

phase II trials are currently pending.51

Our group3�5,52 is currently developing technologies for

the treatment of hormone-dependent malignancies such as

breast and prostate cancer using gold nanostructures which

incorporate derivatives of small molecule receptor antago-

nists that can serve as combined targeting and therapeutic

agents. 60�70% of breast cancers express estrogen

receptor53 and 80�90% of prostate cancers express andro-

gen receptor.54 Classically, these proteins function as intra-

cellular gene transcription factors; that is, hormones

passively diffuse across the cell membrane, engage the

receptor, and the two translocate to the nucleus where they

bindDNA and transcribe proteins associatedwithmalignant

growth and cancer progression. Over the past 15 years,

researchers have become increasingly aware that these

hormone receptors are also expressed in large quantities

TABLE 1. Deleterious Nano-Bio Interactions Which Can Be Leveraged in Targeted Therapeutic Strategies for Cancera

nanoparticle nano-bio interaction

TiO2 ROS production mediated by electron�hole-pairs; glutathione depletion and toxic oxidative
stress as a result of photoactivity and redox properties; nanoparticle-mediated cell membrane
disruption lead to cell death; protein fibrillation

ZnO ROS production dissolution and release of toxic cations; lysosomal damage Inflammation
Ag Dissolution and Agþ release inhibits respiratory enzymes and ATP production; ROS production;

disruption of membrane integrity and transport processes
Au nanospheres and nanorods disruption of protein conformation
CdSe dissolution and release of toxic Cd and Se ions
SiO2 ROS production by surface defects and impurities; protein unfolding; membrane disruption
Fe2O3 ROS production and oxidative stress; liberation of toxic Fe2þ; disturbance of the electronic and/or ion

transport activity in the cell membrane
CeO2 protein aggregation and fibrillation
carbon nanotubes (multiwalled) frustrated phagocytosis causes chronic tissue inflammation and DNA oxidative injury
carbon nanotubes (single-walled and

multiwalled)
generation of ROS due to the metal impurities trapped inside CNTs; pro-inflammatory effects due to

oxidant injury; granulomatous inflammation due to hydrophobic CNT aggregation; interstitial
pulmonary fibrosis due to fibroblast-mediated collagen production; ROS production (spontaneous
or photoactivated); hydrophobic surface increases aggregation but promotes intramembranous
localization

fullerenes ROS production (spontaneous or photoactivated); hydrophobic surface increases aggregation but promotes
intramembranous localization

cationic nanospheres and dendrimers membrane damage, thinning, and leakage; damage to the acidifying endosomal compartment by the
proton sponge effect that allows entry into the cytosol

Co/Ni ferrite nanoparticles, magnetic
metallic nanoparticles

liberation of toxic cations

Al2O3 ROS production; pro-inflammatory response
Cu/CuO DNA damage and oxidative stress
MoO3 membrane disruption
aAdapted with permission from ref 60. Copyright 2009 Macmillan Publishers Ltd: Nature Materials.
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on the plasma membrane following their post-translational

modification.55 Because these membrane hormone recep-

tors still maintain binding affinity for their endogenous

hormones and antibodies, these receptors can serve as

targets for tissue-selective drug delivery to breast, prostate,

and other hormone-dependent cancers. Or lab has shown

that a derivative of the breast cancer treatment drug tamox-

ifen can be used to selectively deliver our PEGylated gold

nanoparticle platform to breast cancer cells in a receptor-

and ligand-dependent manner, and can do so with accom-

panying potency at concentrations more than 10000-fold

higher than the lone drug (Figure 7).52 Moreover, we have

shown that in vitro laser photothermal therapy can be used

to selectively induce phototoxicity of these drug conjugates

to breast cancer cells at otherwise sublethal concentra-

tions,5 providing opportunities for subsequent radiotherapy

enhancement, treatment monitoring by contrast-enhanced

X-ray CT, photoacoustic imaging, phase-contrast OCT, and/

or noninvasive SERS analysis. We are currently further

exploring the applications of this technology in treating

estrogen-dependent malignancies and also investigating

an increasingly selective and potent antiandrogen nano-

particle construct for the treatment of hormone-insensitive

prostate cancers (which comprise nearly all prostate cancers

2�3 years following initial endocrine treatments).56 Mirkin,57

Rotello,58 and Xia59 have also extensively explored the use of

gold nanotechnologies in drug delivery applications for the

treatment of solid tumors; interested readers are directed to

Dreaden et al. for further reading.3,4,6

IIIA. Cellular Confinement: Intrinsic Pharma-
codynamic Properties of Nanoparticles
Like other nanoscale materials, gold nanoparticles are cap-

able of perturbing normal physiological functions depend-

ing on their location within the cell and the extent with

which they interact with various biomolecules (Table 1).60

For example, Fe3O4 nanoparticles can interfere with electro-

nic and/or ion transport processes, CeO2 nanoparticles can

induce protein fibrillation, and dendrimers can cause

damage to cell membranes (vide infra). Our group21,61 is

exploring the possibility of exploiting such deleterious cel-

lular interactions to selectively treat malignant cells (which

are increasingly susceptible to damage). Gold nanoparticles

have been shown capable ofmodifying protein charge, size,

and hydrophobicity,60 as well as thermal stability.62 These

particles have also demonstrated preferential binding to

single-stranded DNA versus double-stranded DNA (which

can interfere with cell division), G2/M cell cycle arrest for

radiotherapy enhancement,63 and direct association with

the heparin-binding domain of VEGF-165 to inhibit its ability

to associate with cell surface receptors necessary for cancer-

related angiogenesis.64

IIIB. Subcellular Confinement: Selectively
Localizing Nanoparticles at Cancer Cell Nuclei
We hypothesized that by using peptides to direct the accu-

mulation of gold nanoparticles (and other nanomaterials) at

discrete intracellular locations, that we can selectively per-

turb malignant cell growth and associated disease progres-

sion. In a recent investigation using real-time, live-cell, dark-

field scattering videography (which also makes use of the

photon confinement properties of nanoscale noble metal

FIGURE 8. Intrinsic pharmacological properties of gold and silver
nanoparticles can be leveraged to selectively treat malignant cells. (a)
Optical dark-field scattering videography shows that silver (middle
panel) and gold (lower panel) nanoparticles targeted with cell-pene-
trating RGD and nuclear localization sequence (NLS) peptides can
selectively impair cell division and induce cytokinesis arrest in malig-
nant cell lines. Confocal immunofluorescence microscopy of (b) control
and (c) RGD-targeted gold-nanoparticle-treated carcinoma cell nuclei
(blue) showed no indication of DNAdamage (green), while (d) combined
RGD/NLS-targeted gold-nanoparticle-treated carcinoma cells showed
substantial DNA double strand breaks. (e) Schematic diagram of the
proposed sequence of events leading to cellular clustering and non-
professional phagocytosis in cancer cells treated with RGD/NLS-tar-
geted silver nanoparticleswhichgenerate reactive oxygen species (ROS)
that causes DNA damage, programmed cell death, and intercellular
signal transduction. (a) Adapted with permission from (a�d) ref 21 and
(a, e) ref 61. Copyright 2010�2011 American Chemical Society.
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nanoparticles), our group21 showed that spherical gold

nanoparticles decorated with cell-penetrating RGD and

nuclear localization sequence (NLS) peptides can impair cell

division and induce cytokinesis arrest in a concentration-

dependent manner (with no such effects observed for

nanoparticles conjugated with either peptide alone) (Figure 8,

Supporting Information Video S1). G2/M cell cycle arrest,

binucleate cell formation, apoptosis, and histone cleavage

was observed in malignant cells treated with the RGD/NLS

gold nanoparticles, while the cell cycle of nonmalignant cells

was not significantly affected at therapeutically relevant

concentrations (0.4 nM). In a more recent, but related, study

investigating cellular effects from RGD/NLS silver nano-

particles, our group61 observed that apoptotic induction in

malignant cells by these particles led to the attraction of

neighboring cells and their subsequent engulfment by these

cells (Figure 8, Supporting Information Video S2). We also

found that increases in particle concentration beyond this

apoptotic threshold (0.05 nM) further increased cell death,

also believed to be attributable to oxidative stress, but

decreased cell clustering which we concluded occurred due

to rapid apoptotic induction and a loss of capacity for

intercellular signaling.61

IV. Conclusions
In summary, we have shown that gold nanoparticles can

serve as highly multifunctional platforms for the targeted

diagnosis and treatment of solid tumors. These structures

exhibit a particularly unique combination of physical, che-

mical, optical, and electronic properties distinct from all

other biomedical nanotechnologies and provide a multi-

modal platform with which (i) to image and diagnose can-

cers with increasingly sensitivity and selectivity, (ii) to

preferentially deliver therapeutic agents and electromag-

netic radiation to malignant cells with increasing potency,

and (iii) to selectively target, sensitize, and exert intrinsic

pharmacodynamic effects on malignant cells. The studies

discussed herein attempt, in particular, shed light on newly

emerging applications of gold nanotechnologies in antic-

ancer diagnostics and therapeutics and emphasize some

of the novel aspects of their photophysical properties,

pharmacodynamic profiles, and fundamental biophysical

interactions.

V. Challenges and Outlook
Tremendous strides have been made over the past decade

in the preclinical and clinical development of gold nano-

technologies for the treatment of solid tumors. Going

forward, several challenges will need to be addressed in

order to achievewide acceptanceof these platforms for both

local and systemic delivery. The lack of long-term studies

investigating potential chronic inflammatory response65

and increasingly efficient hepatobiliary excretion of these

constructs is a significant bottleneck in development

pipeline of gold nanotechnologies and should be made a

priority. Investigations applying these highly flexible tech-

nologies in personalized medicine (perhaps biopsy-specific

nanoconjugate formulation) is an attractive, but underrepre-

sented area of research. High-throughput synthesis, formu-

lation, and screening of biomedical gold nanotechnologies

is yet another area lacking significant attention. Longer-term

studies exploring potential mutagenicity or effects on repro-

ductive or cardiovascular heath have yet to be widely

investigated. Alternative strategies for gold surface linkage

and biocompatible polymer functionalization are also war-

ranted. Increasing efficacy may be observed from studies

involving multiple or follow-up treatment regimens. Those

in the fieldwill also need to effectively speak to the common

misconception that gold nanotechnologies are prohibitively

expensive (for example, the gold content present in a full-

course dosage of TNFR-gold nanoparticles recently adminis-

tered in a phase I clinical trial51 currently costs less than

12¢ per patient; the quantity of gold salt used to produce the

nanorods administered in our recent photothermal therapy

studies66 currently costs less than 23¢ per mouse).67

Although these technologies exhibit a unprecedented de-

gree of multifunctionality, few studies simultaneously ad-

dress these to investigate potential synergy between, for

example, (i) combined gold nanoparticle drug delivery and

enhanced radiation or photothermal therapy, (ii) whole

body Raman diagnostics and subsequent intraoperative

guidance, or (iii) enhanced diagnostic CT contrast and post-

treatment monitoring for metastasic spread by photoacous-

tic cytometry and OCT. Increasingly ambitious funding pro-

posals will be needed to explore such areas.We also wish to

emphasize that gold nanoparticles cannot be simply

thought of as “inert cores” for drug delivery, but that these

structures present a tremendous amount of value-added for

multimodal diagnostics and treatment strategies ranging

from combined optical, CT, Raman, OCT, and photoacoustic

imaging probes, to contrast agents for photothermal ther-

apy and photoacoustic cytometry, to long-circulating, high

affinity/avidity, high payload-bearing drug carriers, to tar-

geted cytotoxic chemotherapeutics.

The clinical translation of liposomal nanotechnologies

for cancer treatment took nearly 30 years since its first
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description68 as a potential drug carrier (Doxil FDA approval

for ovarian cancer in 1999). The clinical development of

therapeutic monoclonal antibodies also took nearly as long

since the seminal work69 of K€ohler, Milstein, and Jerne in

1975 (Avastin FDA approval in 2004). We and our collea-

gues in the field of biomedical gold nanotechnologies,

initially developed60 in 2001, are prepared for the chal-

lenges ahead and are excited and enthusiastic for tremen-

dous research strides soon to come.
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Supporting Information. Live-cell, dark-field plasmonic

scattering videography of HSC-3 squamous cell carcinoma

cells incubated with 0.4 nM gold and 0.05 nM silver nano-

particles conjugated with cell-penetrating (RGD) and nucle-

ar-targeting (NLS) peptides. Both nanoparticles induced

cellular apoptosis; however, gold nanoparticles were shown

to induce cytokinesis arrest (Video S1) while silver nanopar-

ticles were shown to induce cell clustering and engulfment

by neighboring cells (Video S2). This material is available

free of charge via the Internet at http://pubs.acs.org.
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