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Abstract
The rapid development of techniques that enable synthesis (and manipulation) of matter on the
nanometer scale, as well as the development of new nano-materials, will play a large role in
disease diagnosis and treatment, specifically in targeted cancer therapy. Targeted nanocarriers are
an intriguing means to selectively deliver high concentrations of cytotoxic agents or imaging
labels directly to the cancer site. Often solubility issues and an unfavorable biodistribution can
result in a suboptimal response of novel agents even though they are very potent. New
nanoparticulate formulations allow simultaneous imaging and therapy (“theranostics”), which can
provide a realistic means for the clinical implementation of such otherwise suboptimal
formulations. In this review we will not attempt to provide a complete overview of the rapidly
enlarging field of nanotechnology in cancer; rather, we will present properties specific to
nanoparticles, and examples of their uses, which demonstrate their importance for targeted cancer
therapy.

Nanotechnology is defined as the technology developing and working with materials
smaller than 100 nm in one dimension. As a reference, the length of a typical carbon-carbon
bond is ca 0.12–0.15 nm, the diameter of a DNA-strand is ca 2 nm. As such this includes
man-made structures, but also biological entities such as viruses or proteins. It excludes
structures with a metabolism, since the smallest cellular life forms (from the genus
Mycoplasm) are 100 – 200 nm in size.

The concept of nanotechnology was first described in a talk by the physicist and Nobel
laureate Richard Feynman at a meeting of the American Physical Society in 1959 at Caltech
[1]. In this talk Feynman described the concept of “plenty of room at the bottom”,
considering the possibility to manipulate individual atoms directly. Thirty years later, in
September 1989, the physicist Donald M Eigler at the IBM Almaden Research Center
precisely arranged 35 xenon atoms to create “IBM” on the atomic scale (Figure 1), using the
scanning tunnel microscope he developed [2]. Other important milestones are summarized
in a recent review [3]. This also demonstrates that the refinement of tools to explore the
nano-scale world (such as electron microscopes, scanning tunnel microscopes or atomic
force microscopes) is an important factor to actually drive the field forward.

No financial disclosures for JG; DAS is a consultant to Encyse pharmaceuticals, a nanotechnology company.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Semin Radiat Oncol. Author manuscript; available in PMC 2012 April 1.

Published in final edited form as:
Semin Radiat Oncol. 2011 April ; 21(2): 80–87. doi:10.1016/j.semradonc.2010.10.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Properties of nanoparticles
Interestingly, a range of properties displayed by nano-sized materials differs significantly
from their meso-scale relatives made of the same materials. These include mechanical,
thermal, optical, mechanical and catalytic properties. This is of importance as a large portion
of the universe of biological activities that proceeds at the level of the cell surface, in
glomerular filtration, protein and DNA synthesis, modification and degradation, or hepatic
clearance occurs at the nanoscale. Thus there are important differences if these biological
structures and processes encounter a macroscopic or even meso-scopic material or one with
a size of their own. The very small size of nanomaterials also implicates a large ratio of
surface atoms to volume of the material; this allows generation of high specific activity
imaging reagents, 10–100 times that possible with conventional agents in current use. In
addition it provides a high surface charge in a narrow spatial confinement [4]. These
characteristics in turn may substantially modify properties of the bulk materials. For
example, metallic nanoparticles can be used as very active catalysts [5], and the large
surface area can be modified with a variety of functional groups [6].

An increasing range of nanomaterials is described [3], including targeted nanogenerators for
radiotherapy [7] or even nanomachines such as “walking” DNA strands [8] or a DNA based
DNA nanomotor [9], paving the way to a molecular robotics. While the latter may play a
role in the future (e.g. as the nanosurgeons envisioned by Feynman [1]) we will concentrate
on the role of nanoparticles, which offer an immense variety of sizes, shapes, dispersities,
surface-charges, valencies and structural designs. Nanoparticles are particularly appealing
for several reasons:

1.) Multivalency and Multimodality
Nanoparticles provide very large surface to volume ratios. A single wall carbon nanotube
with a total volume similar to a typical large protein (for example, 100–150 kDa) provides a
15-times increased surface compared to a large protein with a comparable volume [3]. The
enlarged surface area can be utilized to couple a large amount of targeting ligands to the
particle. This increased amount of ligands on the surface may enhance binding of the
particle to the desired target significantly (Figure 2a)[6]. A recent report demonstrated that
even weak small organic molecules as ligands can significantly enhance the avidity of the
particle towards its target by up to 4 orders of magnitude through multivalent interactions
[10]. Furthermore, in addition to targeting ligands, imaging labels can be attached to the
particle's surface, e.g. fluorochromes for optical imaging, metals for MRI, or radioactive
nuclides for nuclear imaging, allowing for simultaneous multimodal imaging (Figure 2b). In
this case the same particle can be used for magnetic resonance imaging (MRI) and optical
imaging [11,12], utilizing the high sensitivity of optical imaging in combination with the
high resolution and soft tissue contrast of MRI. Adding nuclides to this construct allows for
MR / optical / nuclear imaging [13]. With the advancements of clinical multimodality
imaging (e.g. the combination of positron emission tomography (PET) with computed
tomography (CT) or MRI) this property will become increasingly important. This is
particularly valuable in drug development in preclinical imaging and biodistribution studies
and also in early phase trials in humans.

In addition, the ability to attach large numbers of imaging agents to a single particle will
dramatically enhance sensitivity by increasing signal intensity. In one interesting instance,
the containment of gadolinium within a nanotube further enhanced its sensitivity by 40 fold
(see subsection 4 below also on this.)
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2.) Size
The biodistribution of nanoparticles can be substantially influenced by their surface coating
and size. Dendrimers (repeatedly branched, roughly spherical large molecules) or other
metallic and organic particles can consist entirely of polymers or crystals, but they can also
contain a core material that is usually surrounded by a bio-compatible coating material. The
coating permits or increases the solubility of the particle’s central core material and in some
cases (such as with Q-dots that contain potentially toxic heavy metals) allows for protection
of the recipient. The coating is therefore especially important for materials that are not easily
soluble in aqueous solutions and therefore in serum, particularly for metallic particles such
as quantum dots, gold- or iron oxide particles [14–17]. Furthermore by choosing the right
properties of the coating (foremost charge) the particles can be made relatively invisible to a
large non-specific uptake sink in the body, the mononuclear phagocyte system (MPS) or
reticulo-endothelial-sytem (RES).

Polyethyleneglycol (PEG) is so far the most frequently used coating material, but numerous
other polymeric and monomeric coatings have been used. PEG molecules are thought to
form a protective hydrophilic layer on the particle’s surface that inhibits interaction with
opsonization-facilitating blood components, thus reducing the uptake of PEG-coated
particles in macrophages and Kupffer cells [18]. As a result, the PEG coating reduces uptake
by macrophages of the MPS and provides relatively long plasma residence times. However,
even the length of the coating PEG chains has an influence on the particle’s properties:
varying PEG chain length results in major changes in organ/tissue-selective biodistribution
and clearance from the body [19]. On the other hand it is known that positive charges
facilitate the uptake of particles in cells, which has been utilized for cell labeling [20–22].

Furthermore, the size of particles has a significant influence on the distribution of the
particles. Larger particles tend to have a more rapid uptake into the MPS (especially liver
and spleen) and consequently a more rapid clearance from the circulation. This is likely
related to the finding that the size of the nanoparticle has a substantial effect on the protein
absorption, probably secondary to a higher surface density of the organic coating on the
surface of smaller nanoparticles [23]. Small nanoparticles have therefore a longer blood
half-life and also a high rate of permeation into tissues, demonstrating the importance of
particle size and surface composition for achieving effective, targeted delivery and
elimination from the body. On the other hand, very small particles (eg C dots smaller than
5nm or carbon nanotubes with one dimension of 1nm) may rapidly clear through glomerular
filtration (see below).

Furthermore the dispersion of the particles, i.e. the variation of the particle sizes, plays an
important role [24]. Monodispersed particles are all uniform in size while polydispersed
particles show a wide range of size (Figure 3). Polydispersed or even oligodispersed
particles tend to have a range of retention times and biodistributions in an organism
representative of the different sizes in the particle population, which makes evaluation of the
particle's impact complex.

Furthermore, the shape of a nanoparticle also contributes to its fate in vivo. It especially
influences the internalization of particles into cells. For example, it has been demonstrated
that rod-like particles have an appreciable advantage over spherical particles in the
internalization rates. This is reminiscent of the advantage that many rod-like bacteria have
for internalization in non-phagocytic cells [25].

3.) Controlled synthesis
Nanoparticles can be synthesized in a very controlled environment, ideally creating particles
which all display the same properties in size, shape, charge and, if functionalized, the same
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amount of functional groups bound to the particles surface. This is immensely important as
only monodispersed particles are expected to display the same distribution, biological half-
life and target affinity in vivo, which has become an important criterion for current approval
processes. This requirement has lead to very sophisticated production methods for some
nanoparticles. A new particle fabrication process, “particle replication in non-wetting
templates” (PRINT), has been developed to strictly control physical and chemical traits of
the particles [26]. This technology utilizes perfluoropolyether molds, resulting in the
production of polymer-based nanoparticles with precise control of size, shape, chemical
composition and surface functionality, tailored to the specific properties required to target a
variety of diseases [27]. Importantly, all these particles are monodispersed and very well
defined. A similar process has been devised to create quantum dots [28].

4.) Core properties
While nanoparticles can consist entirely of a polymer (such as a dendrimer or a carbon
nanotube) they can also contain a central core. This can be a semiconductive material in the
case of quantum dots or a metallic core as exemplified by iron oxide or gold nanoparticles.
An iron oxide core renders the particle superparamagnetic and makes it suitable for MRI
[16,29]. A whole genealogy of iron oxide particles exits (Figure 4)[30]. Resovist® (Bayer-
Schering Pharma, Berlin, Germany) was a particle that has been used clinically but has been
withdrawn from the market. Several others have made it into clinical trials but never
received FDA approval (e.g. Feridex®, AMAG Pharmaceuticals, Lexington, MA). Currently
the only solid particle in clinical use is ferumoxytol (Feraheme®, AMAG Pharmaceuticals,
Lexington, MA), approved for the treatment of iron deficiency anemia in adult patients with
chronic kidney disease – however, these small particles are also suitable for MR imaging
[31,32]. Due to their small size, below 50 nm, they are slowly eliminated out of the
circulation and can be used as intravascular contrast agents (they are not currently FDA
approved for this application).

In contrast to the standard clinical MR contrast agent (chelated gadolinium), iron oxide
particles combine not one contrast producing atom in one molecule, but a cluster of
thousands of individual atoms, which is one reason for the higher sensitivity of MR for iron
oxide particles. This high concentration of paramagnetic nuclei can perturb the local
homogeneity of the magnetic field, which is very sensitively detected by MR scanners. This
makes iron oxide particles uniquely suited to detect very low concentrations on a molecular
level, as exemplified by multiple publications, using iron oxide particles for targeted
approaches [33–35], cell tracking [22,36] or even activatable imaging agents [37,38].
Clinically, iron oxide particles have been used as a sensitive method to detect and
characterize liver lesions [39] and to detect lymph node metastases [40,41]. However, there
are also approaches to increase the relaxivity of Gadolinium chelates, e.g. by combining
them with carbon nanotubes. Similar to iron oxide particles the exterior surface of these
nanotubes provides a scaffold for attachment of chemical groups for solubilizing or targeting
purposes. However, their internal space within the hollow tube allows for encapsulation of
atoms, ions, and even small molecules [42,43]. Filling ultra-short nanotubes with
Gadolinium atoms increased the relaxivity (a measurement of the strength of a MR contrast
agent) dramatically compared to clinically used Gadolinium chelates, depending on the
magnetic field strength. At the standard MR field strength the relaxivity was nearly 40 times
larger but the effect was even more pronounced (nearly 90 times larger) at very low fields
[44]. Another interesting new approach is the use of nanodiamonds modified with
Gadolinium, resulting in a 10-fold higher relaxivity compared to clinically used Gadolinium
chelates. These nanodiamonds may also induce less oxidative stress to cells than other
carbon nanomaterials [45].
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The exploration of gold nanoparticles began over 150 years ago with colloidal gold. Michael
Faraday noted that colloidal gold solutions have properties differing significantly from those
of bulk gold. Gold particles have been used for many different applications in cellular
biology; for example to detect different mRNA, and also for electron microscopy [46,47].
Gold nanoparticles are also being studied as contrast agents for CT. Targeted contrast agents
for CT are particularly interesting due to the wide availability of CT scanners. However, CT
scanners also require very high concentration of the currently used iodine in organic
molecules even for non-targeted imaging, making targeted imaging with these molecules not
feasible as the local concentrations of targeted agents are way too small to be detected with a
CT scanner using iodine. Therefore research is focusing on nanoparticles such as gold
[48,49] or bismuth particles [50], that can deliver dense loads of metallic ions for CT
imaging (Figure 5).

5.) Beyond imaging – theranostics
Besides using particles solely for imaging purposes they can also carry another payload: a
therapeutic agent. In conjunction with the imaging moiety this creates a theranostic agent
(Figure 6). These are agents that can be used to diagnose disease foci, deliver targeted
therapy, and monitor the response to therapy at the same time [51]. The integration of
diagnostic imaging capability with therapeutic efficiency is believed to be critical to
addressing the challenges of cancer heterogeneity and adaptation. Therapeutic agents have
been used mostly in the form of liposomes to carry antibiotics [52] or anti-cancer agents [53]
as well as novel experimental approaches like siRNA [54]. Carbon nanotubes have been
employed for radiotherapy. Due to their high aspect ratios (great length and narrow width)
they have a high surface area for functionalization, allowing delivering of higher specific
activities [55].

Because liposomes carry their payload inside of the particle mechanisms need to be
provided for a release of the drug, ideally triggered by the target tissue. For liposomes, for
example, an enzymatic trigger mechanism has been developed, in which phospholipase
releases the drug [56]. Some formulations are built to release the drug under environmental
conditions found in tumors. A biocompatible polymeric multimodal, multivalent theranostic
nanoparticle was constructed that released the drug at a lower pH. This particle allowed for
MR and optical imaging (via an iron oxide core and fluorochromes as payload), carried
multiple folate molecules as targeting ligands and a therapeutic payload of taxol [57].

Enhanced permeability and retention
The enhanced permeability and retention (EPR) effect describes the relative and passive
accumulation of macromolecules inside of tumors. This is generally explained by the
presence of high permeability of the tumor vasculature in combination with compromised
lymphatic drainage, which allows the accumulation and subsequent retention of
macromolecules. Consequently, in such areas (mostly tumors and inflamed or infarcted
tissues) large molecules and particles ranging from 10 to 500 nm in size can leave the leaky
neovasculature and accumulate in the interstitial space [58,59]. Small molecules and
particles do not accumulate in tumors likely because of their ability to diffuse back to the
circulation [60]. EPR-mediated drug delivery is seen as an effective way to bring drugs to
tumors, especially macromolecular drugs and drug-loaded pharmaceutical nanocarriers. This
process is therefore also called “passive targeting”. It is advantageous to use EPR when
appropriate targeting ligands are not available and even when they are available, EPR may
enhance selective delivery to the target site.
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Toxicity issues
The safety of nanoparticles is attracting the attention of the FDA, and also the public and
especially the EPA, which is starting to look into regulation of nanotechnology. As
nanotechnology progresses to commercialization and more widespread applications it is
likely that nanomaterials and nanoproducts will be released into the environment, potentially
causing harm to the public. It is conceivable that hazards introduced by nanoparticles are
different from those posed by conventional chemicals, partially due to the ability of the very
small nanoparticles to move readily cross the various biological barriers and their somewhat
different physicochemical properties [61].

A first reminder of possible hazards associated with the excessive exposure to nanoparticles
was published in late 2009 [62]. Seven female workers were exposed in China to
polyacrylate nanoparticles at the workplace and presented with shortness of breath and
pleural effusions. Lung biopsies revealed nonspecific pulmonary inflammation, pulmonary
fibrosis and pleural foreign-body granulomas. Electron microscopy demonstrated
nanoparticles in pulmonary epithelial and mesothelial cells, but also located in the chest
fluid. These cases raised concern that long-term exposure to at least some nanoparticles
without protective measures may cause serious damage to the lungs. This concern has not
been diminished by other reports on the toxicity of these materials in animals. Around 2009
reports on pulmonary toxicity of carbon nanotubes emerged [63,64], as well as a report on
the induction of mesotheliomas in rats [65] and on liver damage [66] by multi-walled carbon
nanotubes. In addition metal nanoparticles, metal-oxide nanoparticles, quantum dots,
fullerenes, and fibrous nanomaterials were found to cause chromosomal fragmentation,
DNA strand breakages, point mutations, oxidative DNA adducts and alterations in gene
expression profiles – even though inconsistencies in many studies were also found [67].
These reports lead to the calls for more governmental oversight, nano-dosimetry, maximum
tolerated doses and the generation of the field of nanotoxicology.

As a potential solution to the problem of the toxicity of nanomaterials (most obvious in the
example of cadmium-containing quantum dots) a rapid elimination of these materials from
the body by renal clearance has been suggested. The requirements for renal filtration and
urinary excretion of inorganic, metal-containing nanoparticles have been defined [68]. A
final hydrodynamic diameter below 5.5 nm resulted in rapid and efficient urinary excretion
and elimination of quantum dots from the body. Zwitterionic or neutral organic coating of
the particles prevented their adsorption to serum proteins, thus stabilizing the hydrodynamic
diameter to below 15 nm and promoting renal excretion. The same principle has been
recently utilized for silica coated fluorochrome nanoparticles [69] and even carbon
nanotubes [70]

Conclusion
Will nanotechnology influence targeted cancer therapy? In this review we focused on
nanoparticles and have discussed that these particles can be applied to fit the requirements
and needs for individual applications. By choosing the right size, shape, coating and charge
as well as targeting moiety (Figure 7) the fate of the particles in the body can be well
predicted. Targeting of the particles can already be achieved via the EPR effect and can be
made more efficient by utilizing targeting moieties on the surface, increasing the binding
affinity and avidity further. Drugs can be delivered this way by specifically targeting them to
the tumor, where the release of the drug is triggered by the tumor's environment (pH- or
enzyme-mediated). Adding an imaging label to the particle enables direct monitoring of the
biodistribution, predictions of toxicity and therapeutic effects (and might in the future also
aid in visualizing the triggered release of the payload). On the other hand, the particles can
be used entirely for imaging as exemplified with iron oxide nanoparticles. Toxicity issues
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have been raised for some particles and materials, but can probably be circumvented by
constructing particles that are eliminated quickly from the body without any retention.
Taking all this into account we believe that the answer to the opening question is a sound
“yes, in a positive way”.
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Figure 1.
Patterned array of xenon atoms on a nickel surface (atomic structure not resolved). Each
letter is 50 nm from top to bottom. Reprinted with permission from [2].
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Figure 2.
(A) The principle of multivalency. Antibodies are bivalent while small peptides or small
molecules are mono-valent. A particle with multiple targeting moieties provides multiple
binding sides and is multivalent. Multivalency increases the validity to the target
considerably. (B) A mono-modal imaging agent is suitable to be detected with one modality;
a multimodal agent can be detected with several imaging modalities as it contains several
different labels. This allows to combine the advantages of various modalities in one particle.
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Figure 3.
Dispersion of particles as an indicator of the size variability between particles.
Monodispersed particles are all uniform and of one size without variability, this is the ideal
particle preparation. Oligodispersed particles have some variability in size while
polydispersed particles show a large range of sizes. Accordingly, oligo- and polydispersed
particles demonstrate different rate of excretions
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Figure 4.
Schematic representation of advances in magnetic nanoparticle (MNP) design. MNP agents
currently under development will have significantly higher relaxivities than earlier
generations of MNP, and will also have improved synthetic coats for targeted imaging. The
red box indicates an approved agent. The green box indicates the next generation of
particles. Reprinted with permission from [30].
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Figure 5.
CT imaging of a lymph node of a mouse with a bismuth nanoparticle (a,b) Three-
dimensional volume renderings of the CT data set, the length of the reconstruction is 3.8 cm.
(c) Coronal slice (length of the slice 2.3 cm). (d) Transverse slice at the height indicated by
the horizontal lines in b. The maximal diameter of the mouse is 1.8 cm. The position of the
lymph node under the right shoulder is indicated by the ovals, and the arrows show the
injection site. Note the lack of contrast in the corresponding contralateral (left shoulder)
lymph node. Reprinted with permission from [50].
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Figure 6.
Schematic drawing of the theranostic approach. The diagnostic particle consists of a
diagnostic moiety and a coating, modified with a nuclide (green), targeting an antigen
(brown), here deposited between the tumor cells. Imaging is performed with MRI and PET.
The particle can carry a payload drug (red) that is released in the tumor creating a
theranostic agent, allowing for imaging and therapy of the tumor.
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Figure 7.
Main properties influencing the distribution, elimination and the targeting of particles to
tumors. Refer to the main text for details.
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