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Abstract
Nanotechnology is multidisciplinary field that involves the design and engineering of objects <500 nanometers (nm) in
size. The National Cancer Institute has recognized that nanotechnology offers an extraordinary, paradigm-changing
opportunity to make significant advances in cancer diagnosis and treatment. In the last several decades,
nanotechnology has been studied and developed primarily for use in novel drug-delivery systems (e.g. liposomes,
gelatin nanoparticles, micelles). A recent explosion in engineering and technology has led to 1) the development of
many new nanoscale platforms, including quantum dots, nanoshells, gold nanoparticles, paramagnetic nanoparticles,
and carbon nanotubes, and 2) improvements in traditional, lipid-based nanoscale platforms. The emerging implications
of these platforms for advances in cancer diagnostics and therapeutics form the basis of this review. A widespread
understanding of these new technologies is important, because they currently are being integrated into the clinical
practice of oncology.
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reducing drug or drug-carrier side effects [8].
Nanoparticle-based drug-delivery systems continue to
evolve and are the subject of ongoing trials in clinical
oncology. For instance, ABI-007, a 130-nm particle form
of paclitaxel, has been studied in advanced breast cancer
[9, 10] and other nonhematologic malignancies [11, 12].
Nanotechnology also is progressing rapidly with regard
to in vivo imaging and therapeutics [1] This progress very
likely will have important implications for management
of the cancer patient in the near future. Recent
improvements in engineering at the nanoscale level have
lead to the development of a variety of new, novel
nanoscale platforms (quantum dots, nanoshells, gold
nanoparticles, paramagnetic nanoparticles, carbon
nanotubes), which currently are under development and
investigation (Table 1). These nanotools have been used
for a wide variety of applications, from the detection of
apoptosis through magnetic resonance imaging (MRI)
[13] to sentinel lymph node mapping [14] to
photothermal ablation of tumors [15]. In addition,
previously developed nanoscale platforms, such as
liposomes and micelles, have been modified and
improved. The broad scope of these reports illustrates the
versatility of nanotools and their potential wide-scale
impact on improvements in cancer diagnostics and
therapeutics. The emerging roles of these new platforms

1. Introduction
1

Nanotechnology is the exciting multidisciplinary field
that involves the design and engineering of nanoobjects
or nanotools <500 nanometers (nm) in size [1]. “Nano”
refers to the scale of objects measured in nanometers
(nm) (i.e., 1 billionth of a meter). Cancer nanotechnology
seeks to characterize the interaction of nanoscale devices
with cellular and molecular components specifically
related to cancer diagnosis and therapy. The potential of
cancer nanotechnology lies in the ability to engineer
vehicles with unique therapeutic properties that, because
of their small size, can penetrate tumors deeply with a
high-level specificity. The National Cancer Institute has
recognized this and has documented that nanotechnology
offers an extraordinary, paradigm-changing opportunity
to make significant breakthroughs in cancer diagnosis and
treatment [2].
Over the last 2 decades, a variety of nanoscale
vehicles, including gelatin [3, 4] ceramic [5] liposomes
[6] and micelles [7] have been under development for
therapeutic use. Preclinical models using these nanoscale
tools have been documented well and have been reviewed
elsewhere [6]. Nanoparticle-based drug-delivery systems
offer the potential to optimize drug delivery while
*
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for cancer imaging and therapeutic are the focus of this
review.

molecules, such as polyethylene glycol (PEG), is a
commonly employed strategy to overcome rapid
reticuloendothelial system uptake [3, 27]. PEG
modification does not appear to hinder other biological
properties [16].

Table 1 Uses of Nanoparticles Outlined in this Review
Type

Reported cancer-related
applications

Lipid-based vehicles

Imaging; drug delivery

Quantum dots

Imaging

Nanoshells

Imaging; photothermal ablation; drug
delivery

Gold particles

Imaging; photothermal ablation;
radiation sensitizer; drug delivery

Paramagnetic
particles

Imaging; magnetic field drug
targeting

Carbon nanotubes

Imaging; photothermal ablation; drug
delivery

Lipid-based vehicles
Liposomes, micelles, and polymersomes are nanoscale
lipid-based vehicles. Preclinical and clinical models using
these nanoscale platforms have been documented well
over the past several decades [6]. These lipid-based
vehicles have been used primarily for increasing the
solubility of hydrophobic chemotherapeutics and for
limiting drug toxicity. However, several problems exist
with these traditional vehicles, including nonspecific
uptake by the RES, rapid clearance, and instability, all of
which have limited the therapeutic potential of these
vehicles [6, 28].
Novel preparations of these compounds recently have
been developed with the objective of overcoming some of
those limitations. Liposomes coated with PEG, so-called
stealth liposomes, have increased bioavailability
significantly because of reduced, nonspecific RES uptake
[28–30]. Liposomes constructed with novel lipid
polymers have resulted in significantly increased
membrane stability and bioavailability [28, 31]. Micelles
and liposomes coated with tumor-specific antibodies have
been used for tumor targeting [32]. Liposomes that
recently were synthesized with self-hydrolysable lipids
may allow for time-controlled release of drugs [33].
Acoustically active liposomes that contain small amounts
of air, which originally were used as air ultrasound
contrast agents, have been synthesized that can package
chemotherapeutics and release them in response to an
ultrasound frequency [34].

Considerations on the In Vivo Use of Nanoparticles
Two modalities have been used to target nanoparticles to
tumor sites, active and passive targeting. Active targeting
involves linking ligands to nanoparticles that are tumorspecific [16, 17]. Several groups have reported the use of
antibody-conjugated nanoparticles to localize cell surface
proteins like c-erbB2 [18] epidermal growth factor
receptor (EGFR) [19] and CA-125.20 Akermann et al.
used quantum dots conjugated to peptides that were
specific for either blood or lymphatic vessels to
demonstrate specific targeting of vessels [16].
Passive targeting of nanoparticles takes advantage of the
inherent size of nanoparticles and the unique properties of
tumor vasculature [21, 22]. In contrast to normal
endothelium, tumor vessels are lined by a simple layer of
endothelium with few pericytes and smooth muscle cells
[23]. Tumor blood vessels are distinct from normal
vessels, in that the endothelial cells in tumors possess
wide fenestrations, ranging from 200 nm to 1.2 μm [23–
25]. The large pore sizes allow the passage of
nanoparticles into the extravascular spaces and
accumulation of nanoparticles inside tumors. Gao et al.
demonstrated this property in a murine prostate cancer
model by successfully localizing and visualizing
unlabeled quantum dots at the tumor site [21].
Nanoscale
objects
with
hydrophobic
surfaces
administered in vivo are taken up primarily by the
reticuloendothelial system (RES) [26, 27]. This property
limits the circulation time of systemically administered
nanoscale objects and may hinder their intended
application.3 Coating nanoparticles with hydrophilic

Quantum dots
Quantum dots are novel semiconductor nanocrystals with
broad potential for use in various applications in the
research, management, and treatment of cancer [35, 36].
Quantum dots owe their fluorescence emission to electron
excitation [37]. They are composed of an inorganic
elemental core (e.g., cadmium, mercury) with a
surrounding metal shell and have an intrinsic fluorescence
emission spectra wavelength between 400 nm and 2000
nm, depending on their size and composition.16 Quantum
dots possess unique optical properties that not only allow
them to be tunable to discreet narrow frequencies but also
are an order of magnitude more resistant to
photobleaching than their organic fluorophore
counterparts [38]. Dubertret et al. [39] demonstrated this
by following fluorescent quantum dot-injected Xenopus
embryos through embryogenesis. After 80 minutes of
constant illumination, those investigators observed
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complete photobleaching of dextran-labeled controls. In
sharp contrast, there was no change in signal intensity in
quantum dot fluorescent-labeled embryos. In addition,
quantum dots can be prepared that are excited by a single
light source but emit light or color at different
wavelengths, allowing for independent labeling and
identification of numerous biologic targets [21, 40]. For
example, Gao et al. were able to localize 3 different
quantum dots with a single light source after
subcutaneously injecting them into different areas of a
mouse [21].
Because of their composition of heavy metals and
previous reports of cytotoxicity, the potential use of
quantum dots in humans may be limited [42, 43, 46].
Uncoated or nonpolymer-protected quantum dots are
unstable when exposed to ultraviolet (UV) radiation and
have been shown to release toxic cadmium. [46].
Modification of quantum dots (i.e., PEGylation and
micelle encapsulation) may limit the release of toxic
metals in response to UV radiation [21, 39, 44, 47].

novel nanoshells that contained combrestatin (an
antiangiogenic factor) and doxorubicin [53] and
demonstrated the temporal release of these agents, which
allowed for vascular breakdown (action of combrestatin)
and sequestration/concentration of doxorubicin within the
tumor milieu. This enhanced the antitumor activity of
these agents significantly compared with combrestatin or
doxorubicin alone.
Table 2 Imaging Modalities
Type

Description

Diffuse optical tomography

Near infrared-based imaging
that uses body water,
deoxygenated hemoglobin,
and oxygenated hemoglobin
to create a tomographic map
of tissue

Photoacoustic tomography

Uses short-pulse lasers to
generate ultrasound waves
that can be used to create a
tomographic map of tissue

Optical coherence
tomography

Uses short laser pulses over a
broad range of frequencies to
generate an interference
pattern that maps tissue
tomographically

Nanoshells
Nanoshells (appproximately 10–300 nm in dimension)
are composed of a dielectric core, usually silica,
surrounded by a thin metal shell, typically gold [15, 48].
The optical properties of nanoshells are different from
quantum dots. Nanoshells rely on the plasmon-mediated
conversion of electrical energy into light [37]. Similar to
quantum dots, nanoshells have the ability to be tunable
optically and have emission/absorption properties that
range from theUV to the infrared [37]. Nanoshells are
attractive because they offer imaging and potential
therapeutic properties similar to those of quantum dots
without the potential for heavy metal toxicity. A potential
limitation of nanoshells is their relatively large size
compared with quantum dots [37].
It has been demonstrated that nanoshells may be
potentially attractive vehicles for in vivo and in vitro
imaging. Coating the gold surfaces of nanoshells with
polyethylene glycol improved their bioavailability and
their in vivo circulating half-life [45, 49, 50]. Nanoshells
have been used in vivo as a contrast agent for imaging
with optical coherence tomography [51] and
photoacoustic tomography [49] (Table 2). Wu et al. were
able to localize and image 20-nm gold nanoshells loaded
into gel phantoms through diffuse optical tomography
[52]. Nanoshells may be conjugated to immunoparticles
to allow targeting to tumor-specific molecules. Loo et al.
targeted HER-2 on in vitro cultures by using HER-2
antibody-conjugated nanoshells that were prepared to
scatter light in the NIR spectra using optical coherence
tomography [50].
Nanoshells may be constructed as simultaneous
carriers of different antitumor agents. Sengupta et al.
demonstrated increased in vivo antitumor activity from

The ability of specifically engineered nanoshells to act as
photoabsorbers with resultant heat generation has
powerful potential therapeutic implications for the use of
nanoshells in photothermal ablation. In vivo ablation of
tumors using nanoshells that havebeen delivered either
intratumorally or systemically and exposed to powerful
NIR light has been reported [15, 48, 54].
Gold nanoparticles
Colloidal gold nanoparticles are another attractive
platform for cancer diagnosis and therapy [17]. Gold
nanoparticles are attractive because gold has been
approved and used for treatment of human disease (e.g.
rheumatoid arthritis) [55]. Gold nanoparticles also are
attractive because they are relatively easy to synthesize
[17].
Gold nanoparticles have been used as contrast agents in
vitro based on their ability to scatter visible light [56].
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Sokolov et al. successfully used gold nanoparticles
conjugated to EGFR antibodies to label cervical biopsies
for identification of precancerous lesions [56].
Photoacoustic tomography has been used to image gold
nanoparticles to a depth of 6 cm in experiments using
gelatin phantoms [57]. Based on this property,
photoacoustic tomography may be useful for in vivo
imaging of gold nanoparticles.
Gold nanoparticles also have been used as a platform for
novel experimental cancer therapy. In a subcutaneous
model of colon cancer, it was demonstrated that
systemically delivered gold nanoparticles (size,
approximately 33 nm) conjugated to tumor necrosis factor
(TNF) accumulated in tumors [17]. Mice that were treated
with TNF-conjugated gold nanoparticles had improved
survival compared with mice that were treated with native
TNF alone [17]. Gold particles also have been used to
enhance sensitivity to external beam radiation [58].
Systemically administered gold nanoparticles (size, 1.9
nm) accumulated in a murine subcutaneous tumor model
and greatly enhanced local X-ray therapy and overall
survival compared with mice that received radiation
alone.
Gold nanocages, a new type of gold nanoparticle,
recently have been described [59]. These particles have
been used to detect c-erbB2 and EGFR in in vitro assays
by using NIR and optical coherence tomography [59].
Gold nanocages may be constructed to generate heat in
response to NIR light and, thus, also may have a potential
application in photothermal ablation [59].

G6, recently was demonstrated as useful for lymphatic
mapping in a murine model [67].
Efforts currently are ongoing to develop biologically
targeted nanoparticle contrast agents for cancer imaging
with MRI. HER-2/neu is a tyrosine kinase that is
expressed in many breast cancers. Breast cancer-specific,
superparamagnetic nanoparticles conjugated with
antibodies to HER-2/neu have been used to image HER2/neu-positive breast cancer cells in vitro with MRI [68].
Many breast cancer cells express receptors for luteinizing
hormone-releasing hormone (LHRH). Leuschner et al.
recently demonstrated the in vivo detection of breast
cancer cells using LHRH-conjugated, superparamagnetic
nanoparticles [69]. The antigen βvβ3 is expressed on
neovascular endothelial cells, and tumor neovasculature
has been imaged in vivo by using paramagnetic
nanoparticles conjugated to a peptidomimetic antagonist
of αvβ3 [70]. Telomerase is expressed in cancer cells,
which gives them limitless replicative activity. The
construction of nanoparticles capable of changing their
magnetic state after annealing with telomerasesynthesized sequence TTAGGG has allowed the
detection of telomerase activity by MRI in an
experimental model [71].
The ability to monitor apoptosis in vivo may represent
a method for monitoring response to cancer therapy.
Ligands that are specific for apoptosis (e.g., the C2
domain of synaptotagmin and annexin 5) have been
conjugated to iron oxide nanoparticles and,
experimentally, have demonstrated an ability to bind
apoptotic cells in vitro and in vivo [13, 72].
The magnetic properties of paramagnetic nanoparticles
have been used in an effort to concentrate drug delivery to
tumors. In 1 such report, investigators used magnetic
fields in an effort to concentrate methotrexate-conjugated
nanoparticles in tumor implanted in the hind limb of
rabbits to focus greater amounts of the drug in desired
areas while being able to administer lower concentrations
systemically or intraarterially [73]. Although systemic
administration of the novel drug conjugate did not result
in any efficacy above controls, femoral artery
administration with magnetic field concentration resulted
in remission of the tumor at a concentration of 50% of the
normally administered, systemic, chemotherapeutic dose
[73]. Methotrexate alone at 50% of the standard, systemic
dose or methotrexate-conjugated nanoparticles without
magnetic field administration in the intrafemoral artery
resulted in no tumor regression or remission [73]. This
nanoparticle delivery system also was translated into a
Phase I clinical trial conducted by Lubbe et al. that
demonstrated patient tolerance of therapy with no
magnetic field-associated toxicities and with the
successful localization of nanoparticles to tumors in
patients [74].

Paramagnetic nanoparticles
Nanosized contrast agents are under development to
improve the utility of MRI and computed tomography
(CT) in imaging cancer. Superparamagnetic iron oxide
contrast agents consisting of 50-nm to 100-nm particles
were developed initially in the late 1980s [60]. These
contrast agents are attractive because they have much
greater magnetic susceptibility than traditional MR
contrast agents, such as gadolinium. Such particles have
rapid hepatic uptake after intravenous administration,
which makes them useful for the characterization of
hepatic tumors [60]. Ultrasmall, superparamagnetic iron
oxide contrast agents consisting of 5-nm to 10-nm
particles subsequently were characterized that had more
widespread tissue distribution (because of their smaller
size), allowing uptake in lymph nodes and bone marrow
[61]. Ultrasmall, superparamagnetic iron oxide
nanoparticles have been used clinically in humans to
characterize lymph node status in patients with breast
cancer [62], lung cancer [63], prostate cancer [64],
endometrial cancer [65] and cervical cancer [65]. It has
been shown experimentally that gadolinium-containing
nanoparticles coated with folate or PEG accumulate in
tumors [66]. A nanoscale paramagnetic contrast agent,

Nanoscale CT Contrast Agents
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The interest in nanoscale CT contrast agents stems from
the ubiquitous nature of CT already in clinical use. Most
work on nanoscale contrast agents for CTimaging has
focused on lymphatic mapping [75–77]. Specific imaging
of diseased lymph nodes has been demonstrated [76, 77].
It is believed that the signal attenuation observed in these
cancerous lymph nodes is because of architectural
disruption of the lymph node and replacement of host
RES by tumor cells. To our knowledge, there have been 2
clinical trials to date that assessed the safety and efficacy
of a novel nanoscale liposomal contrast agent for liver CT
imaging; however, because of the presence of mild-tomoderate adverse effects (i.e., chills, nausea/emesis) in a
significant percentage of patients, the agent has not been
developed further for clinical use [78–80].

advances in nanotechnology research and development
likely will be associated with the further development of
novel, high-impact approaches to cancer diagnosis and
treatment.
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