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ABBREVIATIONS
APC antigen-presenting cell
DMNP drug-delivering magnetic nanoparticles
DOX doxorubicin
Gd gadolinium
GFP green fluorescent protein
HER anti HER2/neu antibody
IRR irrelevant antibody
MN magnetic nanoparticle
NIR near infrared
RFP red fluorescent protein
R2 transverse relaxation rate
T1 longitudinal relaxation time
T2 transverse relaxation time

INTRODUCTION

According to the American Cancer Society, in the US cancer
accounts for 1 out of every 4 deaths. Considering the lethality
of the disease and, in most cases, the lack of symptoms until
late in its progression, the best chances for survival are pre-
sented by early diagnosis. Still, the current clinical imaging
methods and treatments are in many situations unable to
provide timely detection and curative therapy. Chemo- and
radiotherapy represent the mainstay treatments for advanced
cancer. However, none of them are strictly tumor-cell specific,
leading to substantial damage to healthy tissues and organs
and limiting the therapeutic dose. Therefore by virtue of its
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ABSTRACT Nanotechnology is evolving as a new field that
has a potentially high research and clinical impact. Medicine, in
particular, could benefit from nanotechnology, due to emerging
applications for noninvasive imaging and therapy. One impor-
tant nanotechnological platform that has shown promise
includes the so-called iron oxide nanoparticles. With specific
relevance to cancer therapy, iron oxide nanoparticle-based
therapy represents an important alternative to conventional
chemotherapy, radiation, or surgery. Iron oxide nanoparticles
are usually composed of three main components: an iron core,
a polymer coating, and functional moieties. The biodegradable
iron core can be designed to be superparamagnetic. This is
particularly important, if the nanoparticles are to be used as a
contrast agent for noninvasive magnetic resonance imaging
(MRI). Surrounding the iron core is generally a polymer coating,
which not only serves as a protective layer but also is a very
important component for transforming nanoparticles into bio-
medical nanotools for in vivo applications. Finally, different moieties
attached to the coating serve as targeting macromolecules, ther-
apeutics payloads, or additional imaging tags. Despite the devel-
opment of several nanoparticles for biomedical applications, we
believe that iron oxide nanoparticles are still the most promising
platform that can transform nanotechnology into a conventional
medical discipline.

M. V. Yigit : A. Moore : Z. Medarova (*)
Department of Radiology, Molecular Imaging Laboratory
Athinoula A. Martinos Center for Biomedical Imaging
Massachusetts General Hospital Harvard Medical School
Bldg. 75,13th St.
Charlestown, Massachusetts 02129, USA
e-mail: zmedarova@partners.org



capability for cell and molecular targeting, nanotechnology
could provide a useful alternative to current methods (1,2).

Superparamagnetic iron oxide nanoparticles are a class of
biomedical materials that are particularly well suited for bio-
medical applications. These nanoparticles are sized between
10 and 100 nm and are used in a wide variety of pre-clinical
and clinical contexts (2–4). Specifically, their biodegradable
and biocompatible nature makes them suitable for clinical
studies. Currently, there are several iron oxide based materials
on the market, either as MRI contrast agents or for iron
supplementation (5–9).

Iron oxide nanoparticles have a superparamagnetic iron
core, which makes them useful as T2 contrast agents for MRI
(10–13). Since the magnetic core affects the transverse (spin-
spin) relaxation time of protons in nearby tissues, it creates a
change (decrease) in the relaxation time reading, which can be
efficiently detected by MRI (14). Such a read-out can be
visualized as a darkening of the tissues on T2-weighted MR
images. With this method, tissues/cells targeted by the nano-
particles can be identified noninvasively. The advantages of
MRI for the purposes of measuring nanoparticle uptake ex-
tend from the fact that the data collected by it are quantitative,
there is a very efficient soft tissue characterization and a high
tissue resolution, and the modality is tomographic with unlim-
ited penetration into tissue (11). Therefore, being an efficient
contrast agent for MRI, iron oxide nanoparticles hold signif-
icant potential both for imaging and image-guided delivery.
Specifically, iron oxide nanoparticles can be detected with
high sensitivity; the iron and the polymer components are
biocompatible and degradable, as opposed to gadolinium
(Gd), which has proven toxic effects; and the degraded iron
is stored for further biological needs (11).

Around the iron core there is generally a polymer that
protect the iron core from agglomeration and oxidation
during the synthesis in later steps of the synthetic procedure
(15). The polymer coating is important in several ways. It
forms the surface of the nanoparticles and represents a
versatile platform that can be modified to target specific
biological compartments, e.g. blood pool, lymph nodes,

liver, etc. For example, polyethylene glycol coated iron
oxide nanoparticles are long-circulating due to their mini-
mized adsorbtion by blood proteins or other biological
components in the body (16). The coating is also important
in serving as a template for targeting macromolecules, im-
aging tags and delivering therapeutic payloads (Fig. 1a) (17).
The targeting macromolecules could be small peptides or
functional nucleic acids, which bind to surface antigens
overexpressed by certain cell types. These moieties increase
the uptake of the nanoparticles by cancer cells and produce
tumor-specific contrast or increase the therapeutic payload
to these cells. In order to obtain the capability for detection
by an additional imaging modality, the coating can be
functionalized with near infrared fluorescent dyes for in vivo
or ex vivo fluorescent imaging (18–20), Gd chelates to provide
T1-weighted MR contrast (21), positron emission tomogra-
phy (PET) tracers for MRI/PET dual imaging (22), or gold
nanoparticles for MRI/surface enhanced Raman scattering
(SERS) imaging (23). Finally, the therapeutic payload could
be a small molecule drug, such as doxorubicin (24–26); an
oligonucleotide, such as small interfering RNAs (27–29); or
a pro-apoptotic peptide (30), such as RGD.

As the imaging potential of iron oxide nanoparticles is
already reported numerous times and very well accepted, in
this review we will focus on the combined delivery and
imaging applications which involve iron oxide nanoparticles
complexed to therapeutic moieties.

SYNTHESIS OF IRON OXIDE NANOPARTICLES
AND SUPERPARAMAGNETIC FEATURE

Synthesis of iron oxide nanoparticles has been achieved via
physical and chemical methods (31,32). Owing to the higher
level of control over the size, composition, magnetic prop-
erties and shapes of the nanoparticles, wet chemistry proce-
dures have been investigated more extensively than physical
methods (3,33). Iron oxides are generally prepared by co-
precipitation of Fe2+ and Fe3+ salts instead of Co or Ni in an

Fig. 1 (a) The magnetic nanoparticle is composed of magnetic core/cores around which there is a coating. The coating is complexed with different
moieties for additional functionalities. (b) Superparamagnetic iron oxide nanoparticles have a single magnetic domain because of their small magnetic core
and are greatly magnetized under an externally applied magnetic field.
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aqueous solution due to the less toxic effect of the resulting
iron oxides (34). The resulting core consists of magnetite
(Fe3O4), maghemite (γ-Fe2O3) or a mixture of the two. The
anionic salt content (chlorides, nitrates, sulphates etc.), the
Fe2+ and Fe3+ ratio, pH and the ionic strength in the
aqueous solution all play a role in controlling the size (12).
It is important to prevent the oxidation of the synthesized
nanoparticles and protect their magnetic properties by car-
rying out the reaction in an oxygen free environment under
inert gas such as nitrogen or argon (35). The coating mate-
rials are generally added during the co-precipitation process
in order to prevent the agglomeration of the iron oxides into
microparticles (15,16). There have been several surface
coating materials used for stabilizing iron oxide nanopar-
ticles, among which are synthetic and natural polymers,
such as polyethylene glycol (PEG), dextran, polyvinylpyrro-
lidone (PVP), fatty acids, polypeptides, chitosin, gelatin, etc.
(3,36). The choice of the coating is essential for transforming
the nanoparticles into clinical materials and controlling their
size.

Superparamagnetism is an important feature of iron
oxide nanoparticles since it permits their detection by MRI
(37–39). For superparamagnetism to take effect, each indi-
vidual nanoparticle core has to be small enough to have no
measurable permanent dipole moment in the absence of an
external magnetic field (40,41). On the other hand, a nano-
particle suspension has a much greater magnetic suscepti-
bility than paramagnetic materials and is greatly magnetized
by an external magnetic field (Fig. 1b) (42,43).

The superparamagnetic behavior of magnetic nanopar-
ticles is not only a core size effect but may also depend on
surface modifications. The nanoparticles should be properly
coated to reduce magnetic dipole-dipole interactions (44,45).

IMAGE-GUIDED CANCER THERAPY

Cancer diagnosis by nanotechnology is an emerging field.
Detecting cancer noninvasively (a feature of nanotechnolo-
gy) benefits the patient in obvious and subtle ways. For
instance, noninvasive imaging could obviate the need for
tissue sampling through biopsy and thus reduce the physical
burden on the patient. Noninvasive imaging of cancer with
high sensitivity is crucial and achievable, as an inherent
property of magnetic nanoparticles. Moreover, a slight
modification of the nanoparticle to include a therapeutic
moiety offers the possibility of combining diagnosis with an
initial drug delivery step.

Image-guided therapy is currently the most active research
area in applications of magnetic nanoparticle technology to
biomedicine. As new cancer markers are discovered, genes
responsible for the progression, proliferation, invasiveness and
drug resistance of cancer will be identified. Discovery of

therapeutics for cancer will become a major focus of drug
companies.

While it is crucial to design the drugs, imaging the drug’s
in vivo bioavailability, function and therapeutic potential in
real time is important for the best drug discovery outcome.
Moreover, magnetic nanoparticle technology has demon-
strated the possibility of combining diagnosis with therapy,
in a single step, in medical situations where it would pose a
distinct advantage.

There are several methods reported in the literature that
suggest how therapy can be combined with imaging (diag-
nosis): incorporating the therapeutic materials into polymer
coating by covalent or non-covalent chemical binding; hy-
drophobic or electrostatic interaction; or encapsulating the
drug molecules (24,26,46–49). Covalent incorporation is
generally achieved through a bifunctional linker, which
binds to the nanoparticle at one end and to the drug mol-
ecule at the other end (46). The therapeutic group could be
genetic material such as a small interfering RNA (siRNA) or
a small drug molecule such as doxorubicin or paclitaxel. In
this review, nanoparticle administration by two means (in-
travenously injected and cell labeling) will be discussed for
combined therapy and imaging.

INTRAVENOUSLY ADMINISTERED
NANOPARTICLES

Intravenous injection is a direct way to administer the probes
into the blood stream of the animal. In most cases this is the
fastest way to introduce the compounds to the whole body.
Therapeutic nanoparticles in general are administered using
this method. This way the nanoparticles circulate in the body
and reach multiple tissues at the same time. This is important
as multiple tumor sites can be targeted with one injection.
Here, we will discuss image-guided therapy that involves
intravenous injection under two categories.

Genetic Material Conjugated Magnetic Nanoparticles

Ever since RNA interference (RNAi) was discovered in
Caenorhabditis elegans in 1998, using RNAi to address ques-
tions in human disease has proceeded unabated. RNAi
based drug complexes became the focus of many scientists
attempting to cure disease at the mRNA level. The strategy
for using RNAi in human diseases relies on identifying the
sequence of the gene responsible for the disease and admin-
istering a complementary short synthetic double stranded
RNA that targets and binds the identified gene, inhibiting its
function. As a result, disease related protein expression is
brought under control, its progression is inhibited and the
disease is arrested at the cellular level.
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Auxilliary questions as to the successful use of RNAi
include how to preferentially shuttle the siRNA molecules
to diseased cells, to increase their bioavailability in vivo and
to prevent their degradation by nucleases. To overcome
these challenges robust delivery vehicles are needed.

Iron oxide nanoparticles have great potential as such,
because it is possible to direct the nanoparticles to diseased
tissues by having targeting groups on the nanoparticle.
Moreover, it is possible to load several molecules on the
polymer coating of an individual nanoparticle. Iron oxide
nanoparticles are also advantageous because of their capa-
bility of detection by noninvasive imaging. This allows one
to track siRNA bioavailability by MRI or in vivo optical
imaging (if a fluorescent probe has been attached to each
nanoparticle). It has been also shown that the nanoparticles
protect the siRNA molecules from degradation (50).

SiRNA functionalized iron oxide nanoparticles have
been used to address several potential medical applications.
In one of the early studies, iron oxide nanoparticles were
complexed with siRNA to knockdown the expression of
green fluorescent protein (GFP) in mice implanted with
GFP expressing tumor cells (47). In this proof of principle
study, the amine terminals of the iron oxide nanoparticles
were functionalized with a bifunctional linker, which was
then coupled to 5′ thiol-modified short siRNA molecules
targeting specifically the gene responsible for GFP expres-
sion, Fig. 2.

In order to elevate their uptake, the nanoparticles were
further functionalized with arginine rich cationic peptide
(MPAP), which facilitate nanoparticle uptake by electrostatic

interaction between the positively charged peptide and the
negatively charged cell membrane. The nanoparticles were
also conjugated to an NIR fluorescent probe (Cy5.5) so that it
would be possible to measure the uptake of particles by both in
vivo optical imaging and in vivo MRI.

In a more medically relevant study, nanoparticles were
coupled to siRNA to knockdown the anti-apoptotic gene
birc5 that encodes Survivin, a member of the apoptotic
protein inhibitor family. Survivin is overexpressed by most
human cancers. After administration of the probe, there was
a significant increase in the rate of apoptosis among treated
tumor cells due to downregulation of birc5 expression.

A recent study showed that if nanoparticles were conju-
gated to a more target-specific peptide, EPPT, (rather than
polyarginine peptide (MPAP)) tumoral uptake increased and
an improved silencing effect was observed (46). In these studies
the tumor progression, nanoparticle uptake by tumor and
bioavailabilty of the nanoparticle complex were validated
and semi-quantified by in vivo noninvasive MRI and optical
microscopy. Other studies have been carried out, targeting
different genes and cancer markers (51).

In another study Zhang and coworkers established a
clorotoxin-labeled magnetic nanomaterial for targeted gene
delivery to glioma. In this proof of principle study the nano-
material consisted of a magnetic nanoparticle core coated
by a copolymer of chitosan, polyethylene glycol, and poly-
ethylenimine (52). The nanomaterial was conjugated to
GFP encoding DNA for genetic alteration in glioma cells
and chlorotoxin for specific accumulation. The nanopar-
ticles were intravenously injected to mice bearing glioma

Fig. 2 (a) Magnetic nanoparticles functionalized with siRNA targeting GFP expression (MN-NIRF-siGFP). (b) In vitro testing of MN-NIRF-siGFP cell uptake
and silencing efficiency in stably transfected 9 L-GFP gliosarcoma cells. (b) The silencing effect was manifested as a concentration-dependent decrease in GFP
relative fluorescence levels. Data represent an average of three experiments. RFU, relative fluorescence units. c Confocal microscopy showing MN-NIRF-
siGFP accumulation in 9 L-GFP and 9 L-RFP cells. Note that although the probe accumulated in both cell lines (Cy5.5 fluorescence, blue), there was a
substantial silencing effect in the 9 L-GFP cell line, resulting in marked suppression of GFP fluorescence. Scale bar, 20 μm. (d) In vivo imaging of MN-NIRF-
siGFP silencing in tumors. (a) In vivoNIRF optical imaging of mice bearing bilateral 9 L-GFP and 9 L-RFP tumors 48 h after intravenous probe injection. There
was a marked decrease in 9 L-GFP–associated fluorescence (P00.0083) and no change in 9 L-RFP fluorescence. To generate GFP/RFP reconstructions,
GFP and RFP images were acquired separately and then merged. (Reprinted with permission from Ref 47 by Nature Publishing Group).
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xenografts. The results showed a higher GFP expression and
nanoparticle accumulation in implanted glioma cells, which
was evaluated by in vivo MRI and optical imaging as com-
pared to mice injected with nanoparticles not labeled with
DNA or chlorotoxin. This proof of principle study can be
later used for targeting a disease related gene in glioma cells.

In a different study Bhujwalla and coworkers encapsulat-
ed clinically relevant iron oxide nanoparticles (Feridex or
Magnevist) and cyclooxygenase-2 (COX-2) specific siRNA;
an important therapeutic target in breast cancer; into
PEGylated liposomes (53). Intravenous administration of
the PEGylated liposomes showed accumulation of the nano-
particles in the tumor. Downregulation of COX-2 was
observed in cultured cells treated with the liposomes.

In another study Bhatia and coworkers synthesized a mag-
netofluorescent nanomaterial conjugated to dendrimers (den-
driworms) for delivery of siRNA to human glioblastoma cells.
The siRNA targeted to the epidermal growth factor receptor
(EGFR) was conjugated to dendriworms and administered to
mice bearing an EGFR-driven model of glioblastoma. The
results showed significant downregulation of EGFR protein in
human glioblastoma cells by 70–80%. This effect was 2.5-fold
more efficient than commercial cationic lipids, presumably
extending from the specific design of the dendriworms, opti-
mized for a maximal endosomal escape (54). The authors
suggested that the enrichment of polymers along the nano-
worm backbone improved endosomal escape through the
proton sponge effect, resulting in more effective silencing.

Drug Encapsulated Magnetic Nanoparticles

Chemotherapy is one major therapeutic approach to fight-
ing cancer. The flaw in this approach is the lack of specificity
for cancer cells and the high accompanying toxicity. It is
crucial to migrate chemotherapy into a safer and more
efficient therapy. To do so, decreasing the dosage is impor-
tant. This can be achieved by delivering a sufficient amount
of drug molecules into diseased tissues, while preventing or
decreasing the amount taken up by healthy cells, which can
be achieved by cell-specific chemotherapy delivery routes.

In a study done by Haam and coworkers, magnetic nano-
crystals and chemotherapeutic drug molecules (DOX) were
encapsulated by amphiphilic block copolymers referred to as
multifunctional magneto-polymeric nanohybrids (MMPNs)
(55). The MMPNs were used to image breast cancer tumors
by targeting the overexpressed HER2/neu cancer marker in
vitro and in vivo. The targeting was achieved by incorporating
anti-HER antibody (HER, herceptin) on MMPNs. Results
showed that when the targeting and the drug loading com-
bined in MMNP, a significantly higher tumor growth inhibi-
tion is observed in mice implanted with breast cancer
xenografts.

In a different study Jon and coworkers synthesized super-
paramagnetic iron oxide nanoparticles coated with negatively
charged anti-biofouling polymer and attached cy5.5 (NIR
dye) on the surface (56). The nanoparticles were then loaded
with positively charged doxorubicin (DOX) using electrostatic
interaction. The nanoparticles were systematically injected
into lung cancer bearing mice resulting in a significant de-
crease in tumor size. However when the mice were injected
with nanoparticles not loaded with DOX, DOX alone, or an
eight-fold higher dose of DOX, no similar effect was observed.
The nanoparticle uptake in this study was achieved by the
enhanced permeability (EPR) and retention effect using a
passive targeting strategy. The nanoparticles were mostly
taken up by tumors and the liver, whereas lung uptake was
diminished by injecting the nanoparticles in a solution of 5%
glucose rather than PBS. The tumoral uptake was evaluated
by in vivo MRI and ex vivo optical imaging.

In other work by Lim et al. drug molecules bound to
magnetic nanoparticles were activated specifically in cancer
cells by taking advantage of the pH differences between the
intracellular conditions of malignant and non-malignant
cells (57). The authors used magnetic nanoparticles to shuttle
doxorubicin drug molecules specifically to breast cancer tumor
sites and activate them in the tumor environment, therefore
achieving a more target specific treatment for breast cancer,
while imaging the therapeutic outcome by noninvasive MRI.

The authors synthesized nanoparticles with a MnFe2O4

magnetic core detectable by T2 weighted MRI. The nano-
particles were coated with polyethylene glycol (PEG) deriva-
tives, which have been traditionally used to coat nanoparticles.
The polymer coating encapsulated the doxorubicin drug mol-
ecules by means of the π- π interaction between the pyrene
groups of the polymer coating and the doxorubicin. The nano-
particles released the doxorubicin load in the protein rich
intracellular acidic environments of cancer cells by protonation
of doxorubicin and weakening of the π- π interaction. On the
other hand, in the neutral intracellular environment of non-
malignant cells drug release was slow and the effect of the drug
molecule was decreased. In order to have the system more
specific to breast cancer (Her2/neu overexpressed) the nano-
particles were conjugated with anti-HER/neu antibody,
Fig. 3. The system is advantageous not only because there is
a cell specific delivery and drug release but also because the
drug administration can be adjusted by defining its bioavail-
ability in tumors monitored by in vivo MRI.

In a similar study the magnetic nanoparticles were func-
tionalized with an RNA aptamer that is specific to prostate
specific membrane antigen (PSMA) overexpressed in LnCaP
prostate cancer cells (58). The doxorubicin molecules were
intercalated in the RNA strands attached to the nanoparticles.
Upon uptake of the nanoparticles by the cancer cells, the
nanoparticles released the intercalated doxorubicin molecules
and killed the cells. The tumors of the mice implanted with
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Fig. 4 (a) Monocytes are
obtained by cytopheresis from
stage-III melanoma patients.
(b) They are cultured and labeled
with SPIO particles and 111In.
(c,d) The cells are then injected
intranodally into a (either cervical,
inguinal or axillary) lymph node
basin that is to be resected and
their biodistribution is monitored
in vivo by scintigraphy (c) and MRI
at 3 Tesla (d). (e–g) The lymph
node basis is resected and sepa-
rate lymph nodes are visualized
with high resolution MRI at 7
Tesla (f) and histology (g).
(Reprinted with permission from
Ref 62 by Nature Publishing
Group.)

Fig. 3 (a) Schematic illustration of anti HER2/neu antibody-modified pH-sensitive drug-releasing magnetic nanoparticles (HER-DMNPs) for cancer therapy
followed by MRI. (b) Color-coded T 2-weighted MR images of tumor-bearing mice after the intravenous injection of HER-DMNPs and IRR-DMNPs at
various time intervals, respectively. Tumor regions are indicated with a white dashed boundary. (c) Comparative therapeutic efficacy study in the in vivo
model. (black circle: HER-DMNPs, dark gray triangle: IRR-DMNPs, gray square: DOX, and white diamond: saline). Black arrow indicates the day of cancer
cells (NIH3T6.7 cells) implantation in mice. (Reprinted with permission from Ref 57 by John Wiley and Sons.)
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LNCaP prostate cancer cells had a greater nanoparticle accu-
mulation and slower tumor growth when injected with the
experimental nanoparticle.

MAGNETIC NANOPARTICLES FOR IMAGE-
GUIDED CELL TRACKING

There are numerous examples of cellular therapies in preclin-
ical studies. However most of them cannot be translated into a
clinical setting due to several issues (59). One big obstacle is the
lack of knowledge about the bioavailability of the injected cells
in vivo. This key point can be addressed by noninvasive imag-
ing. There are several methods to track cells noninvasively.
Among these are scintigraphy, single photon emission com-
puted tomography (SPECT), and positron emission tomogra-
phy (PET) (59). MRI provides excellent soft-tissue contrast
and multidimensional functional, structural and morphologi-
cal information but it suffers from low–sensitivity (60). Optical
imaging provides high sensitivity and real-time tracking of
biological processes. However it suffers from limited deep-
tissue penetration and background autofluorescence (60).
SPECT and PET have high-sensitivity in tracking biological
events but they have a poor spatial resolution (60,61). There-
fore multimodal imaging methods that combine several imag-
ing techniques are explored for preclinical and clinical studies.
Here, we are going to only focus on examples that involve
magnetic nanoparticle-enhanced MRI.

In an early example authors showed that it is possible to
track the fate of injected dendritic cells for cellular cancer
therapy using MRI (62). In this example, in vitro generated
dendritic cells loaded with tumor-derived antigenic peptides
were labeled with clinically safe ultra small iron oxide nano-
particles (Endorem) for MRI and with 111In-oxine for scin-
tigraphy. The cells naturally took up substantial amounts of
the nanoparticles by endocytosis without functional impair-
ment. The cells were injected into the lymph nodes of stage-
III melanoma patients and were imaged by noninvasive
MRI, Fig. 4. By this methodology it was possible to quantify
the percentage of cells migrating to lymph nodes away from
the injected site using high resolution MRI. MRI was superior
to scintigraphic imaging in terms of resolution, identifying the
lymph nodes to which the cells migrated, and quantifying the
number of cells localized in the injected lymph node or other
distant nodes.

Another question that has been addressed using magnetic
nanoparticle-enhanced MRI is the extent of the immune
response against cell-based vaccines. Monitoring the antigen
capture by antigen-presenting cells (APCs) and its delivery
to lymph nodes has been a challenge. In response, Long et al.
labeled B16 tumor cells with magnetic nanoparticles, which
were then injected into mice as a vaccine after irradiation
(63). The cancer cells carrying the magnetic nanoparticles

were captured by APCs, leading to internalization, APC
labeling and trafficking to lymph nodes in vivo. This cellular
event was imaged by high resolution in vivo MRI. In this
case, MRI helped to track the antigen in vivo as a correlate to
therapeutic efficacy.

CONCLUSIONS AND FUTURE PERSPECTIVES

Magnetic nanoparticles have been used extensively and suc-
cessfully as T2-weighted MRI contrast agents, drug delivery
vehicles, magnetic sensors or hyperthermia-generating
probes. Although there is agreement on the potential that
these nanoparticles hold, there are still key issues that need
to be resolved before clinical translation of these particles.
One issue is the need to have better control over the size
and magnetization of the nanoparticles. Having reproducible
particle sizes with narrow size distributions, and simpler syn-
thetic routes that generate a large scale, cost-effective products
are important prerequisites for clinical translation.

It is also crucial to address any toxicity associated with with
administration of iron oxide nanoparticles. There are several
potentially toxic effects associated with exposure to iron oxide
nanoparticles. For instance, inflammation, the formation of
apoptotic bodies, impaired mitochondrial function, mem-
brane leakage of lactate dehydrogenase, generation of reactive
oxygen species, chromosomal damage and chromosome con-
densation are some of these reported effects (64). Therefore,
since there is a significant effort in using iron oxide nano-
particles in clinical studies for both diagnosis and therapy, the
biocompatibility and biosafety concerns associated with their
usage should be thoroughly addressed.

Another important issue that needs to be addressed is
nanoparticle bioavailability. It is crucial to maximize the
interaction of the nanoparticles with the target tissues and to
eliminate or minimize the uptake by other organs. There is a
significant effort in that direction. It is also necessary to have
particles with greater magnetic susceptibility in order to in-
crease the sensitivity of detection by MRI. The vast majority
of the current studies involving the application of magnetic
nanoparticles to cancer biology are at the research stage. Still,
provided that solutions to the above issues are found, we
believe that routine clinical application of magnetic nanopar-
ticles is likely in the near future.
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