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C O N S P E C T U S

Much of the current excitement surrounding nanoscience is
directly connected to the promise of new nanoscale applica-

tions in cancer diagnostics and therapy. Because of their strongly res-
onant light-absorbing and light-scattering properties that depend on
shape, noble metal nanoparticles provide a new and powerful tool
for innovative light-based approaches.

Nanoshellssspherical, dielectric core, gold shell nano-
particlesshave been central to the development of photothermal
cancer therapy and diagnostics for the past several years. By manip-
ulating nanoparticle shape, researchers can tune the optical reso-
nance of nanoshells to any wavelength of interest. At wavelengths
just beyond the visible spectrum in the near-infrared, blood and tis-
sue are maximally transmissive. When nanoshell resonances are
tuned to this region of the spectrum, they become useful contrast
agents in the diagnostic imaging of tumors. When illuminated, they can serve as nanoscale heat sources, photothermally
inducing cell death and tumor remission. As nanoshell-based diagnostics and therapeutics move from laboratory studies to
clinical trials, this Account examines the highly promising achievements of this approach in the context of the challenges
of this complex disease. More broadly, these materials present a concrete example of a highly promising application of
nanochemistry to a biomedical problem.

We describe the properties of nanoshells that are relevant to their preparation and use in cancer diagnostics and ther-
apy. Specific surface chemistries are necessary for passive uptake of nanoshells into tumors and for targeting specific cell
types by bioconjugate strategies. We also describe the photothermal temperature increases that can be achieved in surro-
gate structures known as tissue phantoms and the accuracy of models of this effect using heat transport analysis. Nanoshell-
based photothermal therapy in several animal models of human tumors have produced highly promising results, and we
include nanoparticle dosage information, thermal response, and tumor outcomes for these experiments.

Using immunonanoshells, infrared diagnostic imaging contrast enhancement and photothermal therapy have been inte-
grated into a single procedure. Finally, we examine a novel “Trojan horse” strategy for nanoparticle delivery that over-
comes the challenge of accessing and treating the hypoxic regions of tumors, where blood flow is minimal or nonexistent.
The ability to survive hypoxia selects aggressive cells which are likely to be the source of recurrence and metastasis. Treat-
ment of these regions has been incredibly difficult. Ultimately, we look beyond the current research and assess the next chal-
lenges as nanoshell-based photothermal cancer therapy is implemented in clinical practice.

Introduction
It is projected that a total of 1,437,180 new can-

cer cases and 565,650 deaths from cancer will

occur in the United States in 2008,1 accounting

for one in four deaths. Since the U.S. population

65 years and older will double in the next few
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decades,2 cancer diagnoses are expected to increase by 38%

between 2005 and 2020.3 While improvements in traditional

cancer therapies have resulted in a continued decrease in can-

cer death rates since the early 1990s,1 if we are to perma-

nently reverse the trends reflected in these statistics and strike

a decisive blow against this disease, the following critical chal-

lenges must be addressed:

1. We need to understand the causes of cancer, so that
interventions can be developed for prevention.

2. We must develop tools for early detection. For exam-

ple, ovarian cancer is curable if detected in its earliest

stage; the 5-year survival for localized disease is 92% ver-

sus 30% for metastatic disease.1 To address this challenge,

nanotechnology may substantially increase the sensitivity

and specificity of current diagnostic techniques and may

enable the development of completely novel imaging

modalities.

3. We need to devise effective treatments for all stages
of cancer, in particular, advanced stage metastatic
disease and especially for metastatic disease in priv-
ileged sites, that is, the brain. Much of the recent

progress in cancer therapy has involved the treatment of

early stage, localized disease where conventional surgi-

cal approaches followed by chemotherapy or radiation

therapy provide standard protocols. However, the major-

ity of cancer diagnoses are for more advanced stages of

the disease. For example, 70% of ovarian cancers are

already metastatic when diagnosed.1 As technology

advances are developed for cancer therapy, it is impor-

tant that strategies for all stages of the disease are devel-

oped, in particular for those cases where no surgical

option currently exists.

Much of the current excitement surrounding nanoscience

and nanotechnology is focused on the potential use of chem-

ically synthesized and functionalized nanoparticles designed

specifically for biomedical applications. Indeed, perhaps the

greatest promise of impact for nanochemistry is in nanopar-

ticle-based approaches designed to address the specific diag-

nostic and therapeutic challenges of cancer. While many

approaches are being developed for nanotechnology-enabled

cancer diagnostics and therapeutics, a remarkably promising

strategy involves the combination of noble metal nanopar-

ticles and light. The uniquely vivid colors of metallic nanopar-

ticles such as gold or silver are a result of their strong optical

resonances.4 When illuminated by light, metal nanoparticles

support coherent oscillations of their valence electrons known

as surface plasmons. The plasmon resonance wavelength

depends strongly on the shape and size of the metal nano-

particle, as well as the type of metal and its local environ-

ment.5 There is very strong enhancement of absorption or

scattering at the plasmon resonant wavelength of the nano-

particle, depending on nanoparticle size: smaller plasmonic

nanoparticles are better absorbers, and increasing size

increases the nanoparticle scattering cross section.6 Fortu-

itously, nanoparticles in the 100 nm diameter size range can

possess both strong resonant absorption and scattering char-

acteristics. The resonant absorption properties of metallic

nanoparticles result in strong, highly localized photothermal

heating upon laser illumination, an effect that can be exploited

to induce cancer cell death and tumor remission. The light

scattering properties can be utilized for contrast enhancement

in bioimaging. These two inherent properties of nanoparticles

can be combined for integrated diagnostic imaging and

therapeutics.

Nanoshells, spherical nanoparticles consisting of a dielec-

tric (silica) core and a metallic shell layer, provide a system-

atic approach to “nanoengineering” the optical resonance

wavelength of a metallic nanoparticle.7 By variation of the rel-

ative size of the inner and outer shell layer, the plasmon res-

onance of a nanoshell can be “tuned” to any wavelength

desired across a large region of the visible and infrared spec-

trum.5 In particular, the optical resonance of nanoshells can be

tuned to the near-infrared between 700-1100 nm in wave-

length, where water absorption is minimal and blood and tis-

sue are maximally transmissive.8 Nanoshells with resonances

in this region of the spectrum can serve as strong absorbers

or scatterers of near-infrared light as desired, determined by

their size. In this way, gold nanoshells combine the biocom-

patibility of gold nanoparticles with a new tailored infrared

plasmon resonance wavelength, which enables their use in

vivo for biomedical applications. Subsequent to the develop-

ment of Au nanoshells, gold nanoparticles such as nanorods

or nanocages have been developed with shape-dependent

near-IR optical resonances and are also being applied to can-

cer therapy.9,10

In the past five years, nanoshell-based photothermal can-

cer therapy has been realized, and the transition from bench

to bedside for this potentially revolutionary approach has

begun. As this application transitions from initial proof-of-con-

cept studies to clinical settings in an expanding number of

research groups and hospitals, we provide a view of the cur-

rent state of nanoshell-based therapeutics and diagnostics for

cancer.
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Nanoparticle Properties Specific to in Vivo
Applications
Most nanoparticle-based diagnostic and therapeutic tech-

niques rely on the accumulation of nanoparticles at the tumor

site, which can occur by several different mechanisms. One

approach relies on the passive accumulation of nanoparticles

at the tumor site through the leaky tumor vasculature. Malig-

nant tumors rapidly develop new vasculature to supply the

expanding tumor mass. These new blood vessels are struc-

turally abnormal and irregularly shaped with inconsistent

diameters and large gaps (up to 2 µm).11 These gaps are large

enough to allow large molecules and nanoparticles in the

blood stream to be taken up into the tumor. This property is

referred to as the “enhanced permeability and retention (EPR)

effect”.12,13 Without an appropriate surface coating, nanopar-

ticles in the blood stream are rapidly removed from circula-

tion, limiting their availability for tumor uptake.14

Nanoparticles can be protected from this fate by chemically

functionalizing their surfaces. In particular, attaching poly(eth-

ylene glycol) (PEG) to the nanoparticle surface has proven to

be quite successful for extending the circulation time of nano-

particles in the bloodstream and enhancing passive accumu-

lation in tumors.15 The thiol (-SH) moiety is a facile group for

conjugation to a gold nanoparticle surface. Nanoshells coated

with thiol-modified PEG (PEG-SH) are used to protect

nanoshells injected into the bloodstream from being removed

before they can accumulate in the tumors. Details on PEGy-

lating nanoshells may be found in ref 16.

In addition to passive accumulation, nanoshell delivery

may be directed by conjugating the nanoparticles to antibod-

ies, proteins, or ligands specific to surface markers overex-

pressed by cancer cells. Many solid tumors are known to

express proteins such as HER2, Rν integrin receptor, and inter-

leukin receptor, all of which have been used to target the

delivery of nanoparticles to tumor sites.17 A successful proto-

col that has been used for attaching antibodies to nanoshells

is using bifunctional PEG linker molecules. Antibodies such as

anti-HER2 are conjugated to orthopyridyl disulfide-PEG-n-hy-

droxysuccinimide (OPSS-PEG-NHS). The resulting OPSS-PEG-

antibody conjugates react with the gold surface to form a

layer of PEG-antibody on the nanoshell surface.16

Heating Profiles
Nanoshells used in photothermal ablation of cells are

designed to be highly absorbing in the NIR region of the spec-

trum, resulting in preferential heating upon laser illumination

only in the direct vicinity of the nanoshells. Heating of the tar-

get region is controlled by both nanoshell concentration and

laser power.

Elliot et al. have quantified this nanoshell-laser interac-

tion to determine the effect of nanoshell concentration and

laser power in light-induced thermal therapy.18 Tissue

phantoms (1.5% agarose gel) with 110 nm diameter

nanoshells at 0.55 optical density (OD) and 180 nm diam-

eter nanoshells at 0.695 OD were prepared. The gels were

irradiated with a Diomed 15 Plus cw laser at 808 nm wave-

length. The laser power was varied from 0.4 to 1.5 W, and

the laser spot was maintained at ∼0.5 cm. The spatiotem-

poral distribution of heat was measured using magnetic res-

onance thermal imaging, a technique based on the

temperature sensitivity of the proton resonance frequency,

implemented in a commercial magnetic resonance imag-

ing (MRI) scanner. The measured temperature distribution

for both sets of phantoms are shown in Figure 1. The heat

distribution was simulated using a commercial finite ele-

ment method (FEM) modeling package (COMSOL, Multi-

physics). An overlay of the isotherms at 5, 8, and 10 °C rise

FIGURE 1. Nanoshell-based photothermal heating in (a) 0.55 OD
and (b) 0.695 OD nanoshell-laden tissue phantoms consisting of a
synthetic scattering medium (Lipsyn), which replicates the optical
scattering properties of tissue, incorporating nanoshells for contrast
enhancement and photothermal therapy. The color bar indicates
the change in temperature of the tissue phantom. Dashed line
indicates boundary of nanoshells in gel. Reprinted with permission
from ref 18, copyright 2007 AAPM.
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in temperature, generated by the FEM model, are shown

alongside in Figure 1. The theoretical spatiotemporal dis-

tribution, the heating (cooling) profile while the nanoshell-

laden phantom is irradiated by the laser, and the laser

power dependence of the temperature distribution com-

pare very well with experimentally measured quantities.

This demonstrates that FEM modeling can provide quanti-

tative agreement with the effective heating profiles

obtained in nanoshell-based therapeutics and should be

applicable, with appropriate modifications, to optimizing

nanoshell dosages for clinical applications.

Biodistribution of Nanoshells
Neutron activation analysis (NAA) studies have been under-

taken to determine optimal nanoshell accumulation times in

tumors and biodistribution of nanoshells in various organs.19

NAA is a highly sensitive technique to identify and quantify

various elements in a sample and can be used to determine

the quantity of gold present in tissue samples. The technique

relies on the transformation of atoms to different radioiso-

topes following irradiation with neutrons and subsequent γ
ray emission as the radioisotopes decay. The emission con-

sists of signatures of the nuclei of the specific elements from

which the γ rays are emitted.

For these studies, mice with subcutaneous tumors were

injected with PEGylated nanoshells. The mice were then sac-

rificed at different times, and tissue samples were prepared for

neutron activation analysis. γ-ray spectroscopy was carried out

4-8 days after irradiation to quantify the gold content in

blood, tumor, spleen, liver, lungs, kidney, brain, bone, and

muscle tissues.

The NAA data indicate that nanoshells are cleared from the

blood stream in a day and are scavenged by the liver and

spleen. The nanoshell concentrations in the liver and spleen

continue to increase after a day and do not reach normal lev-

els even after 28 days, the longest time point in the study. The

nanoshells accumulate in the tumor and reach a maximum

concentration after 24 h after which the nanoshell concentra-

tion in the tumor diminishes.

While NAA remains the standard to determine nanoshell

concentrations, alternate techniques for faster determination

of blood circulation times that ultimately determine accumu-

lation in tumors are being developed. A nondestructive opti-

cal approach developed by Xie et al. utilizes dynamic light

scattering (DLS) from nanoshell and Triton X-100 solutions in

whole blood.20 The Triton X-100 acts as a standard against

which the scattering from the nanoshells in blood may be

quantified. For in vivo determination of nanoshell circulation

times, mice were injected with a PEGylated nanoshell solu-

tion. Fifteen microliter blood samples were taken at various

time points, and a known amount of Triton X-100 solution

was added to each sample. DLS measurements were per-

formed to quantify the scattering, yielding the nanoshell con-

centrations. The same samples were then analyzed using NAA,

where a correlation between the nanoshell concentrations

obtained using these two techniques showed excellent

agreement.

Nanoshell-Enabled Tumor Imaging and
Therapy
Nanoshell-based photothermal therapy of cancer relies

strongly on the absorption of NIR light by nanoshells and the

efficient conversion of the light to heat. The nanoshells heat

the tumor in which they are embedded. When a temperature

increase of 30-35 °C is photothermally induced, significant

cell death is observed.21 Similarly, the diagnostic imaging of

tumors at laser power levels that do not induce heating has

been shown to be enhanced by using nanoshell-based con-

trast agents. Nanoshells designed to scatter light in the NIR

physiological transparency window have been shown to act as

stable contrast agents for imaging modalities such as dark

field scattering,22,23 diffuse light scattering,24 photoacoustic

tomography (PAT),25 and optical coherence tomography

(OCT).22,26

Nanoshell-based therapy was first demonstrated in

tumors grown in mice.21 Subcutaneous tumors were grown

in mice to a size of ∼1.0 cm in diameter. PEGylated

nanoshells were directly injected into the tumors under

magnetic resonance imaging (MRI) guidance. Control

tumors received saline injections. The tumors were subse-

quently exposed to NIR light, and the tumor temperature,

as well as the temperature of the adjacent tissue, was mon-

itored during and after laser irradiation. The mice were

euthanized, and tumors were excised for histological eval-

uation. Analysis of the nanoshell-based photothermal treat-

ment reveals tissue damage in an area of similar extent as

that exposed to laser irradiation (Figure 2).

Magnetic resonance thermal imaging (MRTI) was used to

monitor the temperature profile of the tumor during and after

irradiation. Analysis of these temperature maps reveals an

average temperature increase of 37.4 ( 6.6 °C after 4-6 min

of irradiation. These temperatures were sufficient to induce

irreversible tissue damage. Nanoshell-free control samples

show an average temperature rise of 9.1 ( 4.7 °C, consid-

ered to be safe for cell viability.

Nanoshell-Enabled Photothermal Cancer Therapy Lal et al.

Vol. 41, No. 12 December 2008 1842-1851 ACCOUNTS OF CHEMICAL RESEARCH 1845



Subsequent experiments were then conducted to deter-

mine the therapeutic efficacy and animal survival times by

monitoring the tumor growth and regression over a period of

90 days.27 In these studies, tumors were grown subcutane-

ously in mice, and PEGylated nanoshells were injected sys-

temically via the tail vein, accumulating in the tumor over 6 h.

The tumors were then irradiated with a diode NIR laser at a

wavelength of 808 nm at a power of 4 W/cm2 for 3 min. A

sham treatment group received the same laser treatment fol-

lowing saline injection, and a control group received no treat-

ment. Following this treatment, the change in tumor size over

the first 10 days indicates a dramatic difference in tumor size

for the three control groups (Figure 3a). In the nanoshell-

treated group there was 100% resorption of the tumor at the

10 day mark. In the rest of the study, this result persisted,

whereas in the sham and control groups, the tumor burden

became large enough (tumor burden doubled in size corre-

sponding to >5% body weight) that the mice were eutha-

nized. Figure 3b is a plot of the survival statistics for the three

groups of mice. At 90 days post-treatment, all mice in the

treatment group were healthy and free of tumors.

The passive accumulation of nanoshells in tumors and sub-

sequent ablation relies on a minimum accumulation of

nanoshells in the tumor. Stern et al. have evaluated the effect

of nanoshell concentration on tumor ablation in a human

prostate cancer model in mice.28 Tumors were grown sub-

cutaneously. PEGylated nanoshells of two different dosages

(7.0 µL/gm (low dose) and 8.5 µL/gm of body weight (high

dose)) were delivered into the mice via tail vein injection. The

nanoshells were allowed to accumulate for 18 h at which time

the tumors were irradiated using a Diomed NIR laser at 810

nm for 3 min. Tumor size was measured for 21 days. In the

low dose group, only partial tumor ablation was achieved.

Nine of the ten tumors showed arrested growth (mean vol-

ume 49.2 mm3 from a baseline of 41.6 mm3), as opposed to

the control sample where the tumor burden tripled in 21 days

(126.4 mm3 from a baseline of 43.5 mm3). Histologically the

tumors showed partial ablation with patchy areas of normal

tumor cells. In the high dose treatment group, at 21 days com-

plete tumor deletion was observed (Figure 4). Histological

evaluation also confirmed complete tumor necrosis for this

dosage. In the high dose treated group, a well circumscribed

eschar formed over the laser treated region by day 1. This

eschar fell off by day 21 revealing normal healthy skin. The

control samples that did not receive any nanoshells did not

form an eschar over the laser-treated areas. In the high dose

group, the average temperature achieved was 65.4 °C, which

is known to be effective in thermal ablation therapy.

FIGURE 2. (a) Gross pathology after in vivo treatment with
nanoshells and NIR laser reveal hemorrhaging and loss of tissue
birefringence beneath the apical tissue surface. (b) Silver staining of
a tissue section reveals region of localized nanoshells (red). (c)
Hematoxylin/eosin staining within the same plane clearly shows
tissue damage within the area occupied by nanoshells. (d) MRTI
calculations reveal area of irreversible thermal damage similar to
that in panel a, b, and c. Reprinted with permission from ref 21.
Copyright 2003 National Academy of Sciences, U.S.A.

FIGURE 3. (a) Mean tumor size on treatment day and day 10 for
the treatment group (green), control group (red), and sham
treatment (blue). (b) Survival for first 60 days. Average survival time
for the nanoshell-treated group was >60 days, control group was
10.1 days, and sham treatment group was 12.5 days. Reprinted
with permission from ref 27. Copyright 2004 Elsevier.
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Nanoshells as Contrast Agents
In addition to being strong near-IR absorbers, nanoshells can

be strong scatterers of NIR light. This opens up the potential

for diagnostic imaging of tumors for early detection. Optical

techniques have the advantage of being minimally invasive

and offer high resolution images using biocompatible non-

photobleaching nanoshells to improve contrast. Compared

with molecular contrast agents such as indocyanine green,

nanoshells have far larger scattering cross sections and a tun-

able optical response over a wide wavelength range.

Nanoshells synthesized with high scattering cross sections

have been used as contrast agents in numerous imaging

modalities,25,26,29,30 enhancing the sensitivity of these imag-

ing techniques.

Loo et al. have demonstrated the use of scattering

nanoshells targeted with anti-HER2 as a contrast agent in

dark-field microscopy. HER2 positive SK Br3 and HER2 nega-

tive MCF7 cell cultures were incubated with anti-HER2 and

anti-IgG immunonanoshells.29 After 1 h, the cells were rinsed

and visualized under a high-magnification dark-field micro-

scope. Analysis of the dark-field images shows significantly

higher contrast values for anti-HER2 targeted nanoshells com-

pared with the nonspecific IgG targeted nanoshells or untar-

geted bare nanoshells. HER2-negative MCF 7 cells show

significantly less contrast providing additional evidence that

enhanced contrast is attributable to the nanoshell binding to

SK Br3 cells.

Combined Cancer Imaging and Therapy
Nanoshells have been successfully used for photothermal

ablation of cancer cells and for imaging contrast in numer-

ous imaging techniques. It is therefore reasonable to envi-

sion a dual diagnostic-therapeutic modality for nanoshells,

where the same laser source used for imaging the tumor

could at higher laser powers be used to heat and destroy the

tumor.

Loo, Lowery, et al.23 have demonstrated this dual imaging/

therapy approach in vitro using anti-HER2 immunonanoshells.

Nanoshells were designed with a 60 nm core radius, a 10 nm

thick shell, and a plasmon resonance at 800 nm. Anti-HER2

or nonspecific anti-IgG were conjugated to nanoshells. SK Br3

breast carcinoma cells were cultured and incubated with

immunonanoshells for 1 h. Following rinsing to remove

unbound nanoshells, the cells were imaged in a dark-field

microscope. Next the cells were irradiated with NIR laser (820

nm wavelength laser 0.008 W/m2 for 7 min).

Following irradiation the cells were stained and evaluated

for nanoshell binding and viability. Figure 5 shows the results

of combined imaging and therapy using nanoshells. The con-

trols with no nanoshells or the nonspecific antibody show no

contrast in either imaging or therapy. The anti-HER2

nanoshells show a distinct enhancement in the dark-field scat-

tering image and a dark circular area of cell death correspond-

ing to the beam spot upon laser irradiation. The silver stain

assay also shows a high density of nanoshells bound to the

carcinoma cells.

Gobin et al.26 have demonstrated in vivo imaging via Opti-

cal Coherence Tomography (OCT) and therapy using

nanoshells. The bifunctional nanoshell designed for the dual

role of OCT contrast enhancer and therapeutic heat absorber

in tissue has a silica core of 119 nm diameter and a 12 nm

gold shell. Mie scattering theory predicts that these particles

have approximately 67% of their extinction due to absorp-

tion and 33% due to scattering at 800 nm.

Subcutaneously grown tumors in mice (∼5 mm in diam-

eter) were injected with PEGylated nanoshells via tail vein

injection. The control mice received phosphate buffered solu-

tion instead of the nanoshell solution. Twenty hours post injec-

tion the tumors were imaged using a commercial OCT setup

by applying the probe directly over the tumor touching the

skin. Representative OCT images from normal tissue and

tumor sites with either PBS or nanoshells are shown in Fig-

ure 6. The enhanced brightness in Figure 6, panel D compared

with panel C demonstrates that nanoshells provide substan-

tial contrast for OCT imaging. After imaging, the tumors were

FIGURE 4. Photothermal tumor ablation: (A) tumor before
treatment; (B) complete ablation of tumor in the high dose group.
The eschar formed over the laser-treated region fell off by day 21
exposing healthy skin. Figure reproduced with permission from ref
28. Copyright 2008 Elsevier.

Nanoshell-Enabled Photothermal Cancer Therapy Lal et al.

Vol. 41, No. 12 December 2008 1842-1851 ACCOUNTS OF CHEMICAL RESEARCH 1847



irradiated using a NIR laser (808 nm, 4 W/cm2, and a spot size

of 5 mm) for 3 min. Tumor size and animal survival were

monitored for 7 weeks. The median survival for the group

receiving sham treatment (laser irradiation with no nanoshells)

FIGURE 5. Combined imaging and therapy of SKBr3 breast cancer cells using HER2-targeted nanoshells. Scatter-based dark-field imaging of
HER2 expression (top row), cell viability assessed via calcein staining (middle row), and silver stain assessment of nanoshell binding (bottom
row). Cytotoxicity was observed in cells treated with a NIR-emitting laser following exposure and imaging of cells targeted with anti-HER2
nanoshells only. Figure reproduced with permission from ref 23. Copyright 2005 American Chemical Society.

FIGURE 6. Representative OCT images from normal skin and muscle tissue areas of mice systemically injected with PBS (A) or with
nanoshells (B). Representative OCT images from tumors of mice systemically injected with PBS (C) or with nanoshells (D). The glass of the
probe is 200 µm thick and shows as a dark nonscattering layer. Figure reproduced with permission from ref 26. Copyright 2007 American
Chemical Society.
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was 14 days, while the control group (receiving neither

nanoshells nor laser irradiation) was 10 days. The tumors in

all but two mice receiving nanoshells and laser treatment had

completely regressed in 21 days. Median survival for this

group was longer than the 7 weeks of the study period.

Nanoshell Targeting of Tumor Hypoxia
The passive accumulation of nanoshells relies on the EPR

effect. However, the centers of large solid tumors are fre-

quently hypoxic, with drastically reduced blood flow. These

regions are resistant to nanoparticle accumulation as well as

conventional chemotherapy. Since it is believed that these

regions are the source of resistant cells which ultimately pro-

duce recurrence and metastasis, developing a delivery method

for therapeutics to these regions is an important challenge.

Choi et al. have developed a “Trojan Horse” strategy to

deliver nanoshells to these hypoxic regions of solid tumors

(Figure 7).31 In response to the presence of hypoxia and

necrosis, peripheral blood monocytes enter the tumor due to

a chemoattractive gradient. Once inside, the monocytes dif-

ferentiate into macrophages, which can make up ∼70% of the

tumor mass. Monocytes loaded with nanoshells are delivered

to the tumor periphery where they enter the tumor and dif-

ferentiate into nanoshell-loaded macrophages. Once distrib-

uted inside the tumor mass, irradiation with a NIR laser

activates the photothermal destruction of the macrophages

and the tumor including the hypoxic regions. Choi et al. have

successfully demonstrated several critical steps in this strate-

gy.31 An in vitro tumor model with a necrotic, hypoxic core

was constructed using malignant breast epithelial cells and

macrophage loaded with nanoshells, and then irradiated with

a pulsed NIR laser (754 nm, 1.54 W total power at source)

with varying power at the tumor. Above a certain threshold

power, tumor ablation was observed.

The hypoxic regions of the solid tumors are also resistant

to traditional treatment modalities. Any strategy to alleviate

tissue hypoxia would thus make these aggressive tumors

amenable to radiation and chemo- and immunotherapies.

One such strategy is mild hyperthermia. Mild hyperthermia

allows increased perfusion in the tumor and reduces the

hypoxic regions. Although it has been proven in clinical set-

tings that hyperthermia improves the long-term prognosis of

radiation therapy, it is underutilized since there are no non-

invasive means of achieving local hyperthermia for long peri-

ods of time. Diagaradjane et al.32 have demonstrated the use

of nanoshell-mediated hyperthermia as an adjunct to radia-

tion therapy. The nanoshell-induced hyperthermia raises the

temperature of the tumors by ∼10 °C and allows early perfu-

sion into the tumors, reducing hypoxic regions and leading to

necrosis that complements the radiation-induced cell death.

While nanoshells hold tremendous potential in the single

point of care integration of imaging and therapy, currently the

technology has a few limitations that need to be addressed as

this treatment of cancers moves into clinical settings.28

1. Currently there is a need for effective quantification meth-

ods for nanoshell accumulation in tumors, which when

combined with standard illumination geometries for tumors

in specific organs will enable complete regression of

tumors.28

2. Additional research and accurate theoretical models of con-

centration profiles for nanoshells in tumors and their

achievable temperature elevations are needed to apply this

technique as generally as possible to tumor remission.

FIGURE 7. (A) Schematic of Trojan Horse therapeutic nanoparticle
delivery into hypoxic region of tumor. (B) Frame from three-
dimensional reconstruction of tumor spheroid. Viable cells (green
fluorescence) form an outer shell around the central necrosis: green
arrow, unirradiated cells; red arrow, nanoshell-laden macrophages,
which have infiltrated into the area in the center of the spheroid.
Yellow cells and arrow may represent cells that have been
thermally damaged due to their location next to macrophages.
Cells to the left in the photo (green arrow) have not been irradiated,
serving as internal control. Scale bar is 50 µm. Figure reproduced
with permission from ref 31. Copyright 2007 American Chemical
Society.
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3. Most of the current in vivo studies have been on subcuta-

neous tumors easily accessible to NIR light applied over the

skin surface. NIR light penetration in tissue is a few inches.

Techniques to deliver NIR light deep into tissue by exploit-

ing fiber optic probes, for example, need to be applied to

this therapeutic modality. Imaging modalities may need to

be modified for combined imaging and therapeutics in

deep tissue.

4. While these studies seem to demonstrate that the EPR

effect occurs in animal models of human tumors,26,28

almost all of these models use ectopic, that is, subcutane-

ous, injection of malignant cells in order to form tumors. It

is a critically important clinical question to consider how

faithfully these models recapitulate human malignancy.

Interstitial fluid pressure (IFP) in orthotopic versus subcuta-

neous human osteosarcoma xenografts has been com-

pared,33 where the baseline IFP was significantly higher in

orthotopic than in subcutaneous tumors of comparable

size. Therefore, there may be a net flow of nanoparticles

into subcutaneous tumors in animal models but not into

orthotopic human tumors.

5. Toxicity concerns need to be addressed in a serious and

systematic way. Recent publications, such as the report of

carbon nanotubes injected into mice resulting in mesothe-

lioma, contribute to the public’s unease.34,35 It is of para-

mount importance with every novel application of

nanotechnology for the detection and treatment of cancer

that efforts be made to identify all potential toxicities, both

those to the patient and those to the environment. With

this diligent oversight, the unreserved enthusiasm of the

public should support this potentially revolutionary

endeavor.

The ways in which nanotechnology may enter clinical

oncology will only be limited by our imagination. Nano-

therapy strategies may function as stand-alone therapy but are

also likely to be adjunctive to current systemic therapies. Since

nanoshell-based photothermal therapy functions in ways com-

pletely different from conventional therapies, its resistance

mechanisms are unlikely to be similar. We can ultimately

envision utilizing nanoparticles as nanovehicles to deliver ther-

apeutics to sites of disease notoriously difficult to treat, that is,

the brain. An almost intractable problem in oncology is the

treatment of primary brain malignancies and multiple meta-

static deposits within the brain. Nanovehicles engineered to

penetrate the blood-brain barrier could be utilized to ferry

therapeutics across the barrier. Hypoxic brain tumors (glioblas-

toma multiforme) may be particularly vulnerable to the mac-

rophage “Trojan Horse” approach.31
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