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Nanoparticle systems are an intense subject of
research for various biomedical applications. Colloidal
suspensions of magnetic nanoparticles are of special
interest, particularly in bioimaging, and more recently,
in Magnetic Fluid Hyperthermia (MFH). MFH
promises to be a viable alternative in the treatment of
localized cancerous tumors. The treatment consists
of locally injecting magnetic nanoparticles in fluid
suspension into the tumor site and exposing the site
to an oscillating magnetic field, where nanoparticles

dissipate energy in the form of heat, causing a localized
rise in temperature and tumor cell death. Here we will
review methods of magnetic nanoparticle synthesis,
and the role of the nanoparticle surface coating in
achieving colloidal stability, minimizing toxicity, and
targeting. Finally, we review in vitro and in vivo MFH
experiments, and clinical studies in the treatment of
glioblastoma multiforme and prostate cancer.
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1. Nanotechnology in Medicine

The term nanotechnology applies to the creation,
manipulation, and application of materials at the molecular
and atomic scale, that is 1-100 nm. The fundamental
properties of many materials at the nanoscale are uniquely
different than those of bulk materials (1). These differences
are mainly due to the vastly increased ratio of surface area
to volume. This in turn results in an increased number
of surface atoms, quantum electromagnetic interactions,
increased surface tension, and size confinement effects.
For example, quantum effects become significant for
structures under 50 nm, resulting in unusual optoelectronic
and magnetic properties of nanostructured materials
compared to bulk materials (2). Nanomaterials have
become an intense subject of research in fields such
as optimizing the use and harnessing of energy, waste
management, electronics, information and communication,
and medicine (3).

Because the nanoscale lies at the intersection between
the largest biological molecules and the smallest
manmade devices, nanomaterials are expected to have
a major impact in the medical field. Already, there are a
few examples of commercially available nanomedicines
that are approved by the FDA. Abraxane™, an albumin-
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bound form of paclitaxel with a mean particle size of
approximately 130 nanometers, is used to treat breast
cancer. Doxil® is used for the treatment of refractory
ovarian cancer and AIDS-related Kaposi’s sarcoma and it
consists of lipid nanoparticles with a polyethylene glycol
(PEG) coating. This coating helps evade the potential
impact of the immune system and provides a means for
delivery of drugs to disease-specific areas of the body.
Other examples are Feridex™ and Resovist™, iron oxide-
nanoparticle based Magnetic Resonance Imaging (MRI)
contrast agents (4).

1.1. Biomedical Applications of Nanoparticles.

Biomedical applications of nanoparticles can be divided
into two broad categories: diagnostics and therapeutics.
Nanotechnology promises to optimize technologies used
for diagnostics as well as the development of numerous
types of therapies, with potential uses in biosensing (5),
imaging (6), drug delivery (7), and in cancer treatment (4).
For general reviews on the development of nanoparticles
for clinical and biomedical applications see (8-10).

The sensing of biological agents and diseases is an
important goal for biomedical diagnosis (11). The unique
physicochemical properties of nanoparticles make these
systems promising candidates for sensing applications. As
an example, Mirkin and colleagues have devised a system
consisting of oligonucleotide- labeled nanoparticles (12).
Upon recognition of a target DNA sequence, usually
associated with some pathology, the oligonucleotide-
nanoparticle complexes aggregate changing the color
of the solution. This technique allows for recognition of
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target DNA without need of polymerase chain reaction
(PCR), which is the method currently employed for
screening of genetic diseases.

In the field of biocimaging, there are two types of
nanoparticles that have played important roles: quantum
dots are used for optical imaging (13) and magnetic
nanoparticles are used for magnetic resonance imaging
(MRI) (6). Quantum dots are characterized by stable,
narrow fluorescence emissions, an advantage over organic
dyes which suffer from rapid photo-bleaching. Magnetic
nanoparticles on the other hand serve as MRI contrast
agents which can be targeted to tissues with insufficient
contrast for MRI.

Nanotechnology has also helped advance the design
of novel drug delivery systems. Researchers exploit
nanoparticle surface chemistry by encapsulating the drug
within a polymeric layer that will allow release under
desired conditions. As an example, Hong, et al. prepared
cationic gold nanoparticles attached to a hydrophobic drug
analog (14). The cationic surface of the nanoparticle allows
it to penetrate into the cell. Drug release was triggered by
the high intracellular concentrations of glutathione (GSH)
relative to extracellular GSH concentrations.

1.2. Nanoparticle/Cell Interactions

The biodistribution of nanoparticles is primarily
governed by their ability to negotiate biological barriers,
such as the endothelial and epithelial barriers found in
vessel walls, the placenta, and the intestines. Additional
barriers include the cell membrane and cell organelles,
enzymatic degradation, uptake by phagocytic cells,
abnormal blood flow, abnormal hydrostatic pressure at
target sites, and molecular and ionic efflux pumps that
expel drugs form target cells (15).

In order for many of the biomedical applications
mentioned above to be successful, the nanoparticle’s
physicochemical properties must be tailored to promote
specific interactions between the cell and the nanoparticle.
For example, for some of the imaging, sensing, and sorting
applications it is required that nanoparticles selectively
attach to a targeted cell type. On the other hand, for
some therapeutic applications it is necessary that the
nanoparticle be internalized into the targeted cell type, or
even localized to a specific intracellular compartment (16).
A major obstacle in the refinement of these tools is the lack
of fundamental insight on the interaction of nanoparticles
with biological systems. In order to achieve a desired
effect, nanoparticles need to interact in precise ways with
specific cell types, and a major setback has been a lack of
research focused on studying such interactions. It is to be
expected that the interaction between nanoparticles and
cells should be governed by physicochemical properties
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such as particle size, shape, and surface chemistry (e.g.,
surface charge, hydrophillicity, chemical functional
groups, etc.) (17). There is therefore a need for detailed
studies that take into account how these physicochemical
properties affect nanoparticle/cell interactions.

An essential component of a biocompatible nanoparticle
is the shell and surface functional groups. Most targeting
efforts have been directed towards attaching ligands that
are selectively recognized by receptors that are expressed
in the cells of interest. In antibody-directed cell targeting,
antibodies against cell surface markers are attached to the
nanoparticles. They allow precise selection of cells bearing
an antigenic determinant (18, 19). However, antibodies
are costly and even though the targeted cell population is
recognized with high specificity, the fraction of targeted
cells interacting with the antibody- decorated nanoparticle
is relatively low. Therefore, other approaches besides
antibody-directed cell targeting should be advantageous
for applications where high fractions of nanoparticles
interacting with cells are needed. There is much interest
in studying nanoparticle/cell interactions where the
nanoparticle coating is not specific, i.e., nanoparticles
coated with various polymers or polysaccharides (16).
There are various reports where “unspecific” nanoparticle
coatings show preferential specifity for certain cell types
(20-22). Elucidation of molecular mechanisms involved
in nanoparticle uptake with non-specific polymeric
coatings is pivotal for further studies aimed at regulation
of molecular mechanisms of nanoparticle internalization.
This will allow researchers to exploit these mechanisms
to enhance total nanoparticle uptake and to manipulate
intracellular sorting and trafficking of these nanoparticles
for specific intracellular targeting.

1.3. Colloidal Stability

For nanoparticles to be useful in biomedical applications
they must be colloidally stable in biological media.
Colloidal stability refers to the capacity of a nanoparticle
solution to resist agglomeration and subsequent
precipitation. Colloidal nanoparticle systems for
biomedical applications should exhibit low toxicity, resist
sterilization techniques such as autoclaving, and possess
a long shelf life (7).

Bare nanoparticles are inherently unstable under
physiological conditions, thus they are usually coated with
biocompatible polymers that improve stability. Colloidal
stability will depend upon repulsive and attractive forces
that exist between particles. Nanoparticles are attracted
towards each other due to so-called dispersive van der
Waals forces, which are very strong at close distances.
In the case of magnetic nanoparticles, there is also an
attractive magnetic interaction which is effective over
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much longer range. Attraction between nanoparticles may
also be the result of the presence of other solutes, such
as high molecular weight molecules, in the medium in
what is called depletion flocculation. On the other hand,
common repulsive interactions include electrostatic
repulsion of like-charged surfaces and steric and osmotic
repulsion between surfaces coated with polymers. In
many cases the attractive interactions are inevitable
and the nanoparticle surface must be engineered to
introduce sufficient repulsion to avoid aggregation and
the undesirable changes in properties which ensue.

In order to be effective in biological applications,
nanoparticles should remain colloidally stable when
encountering physiological ionic strengths and the range
of pH found in biological systems, and should resist
absorption of proteins present in the bloodstream. For
example, in oral drug delivery systems, the nanoparticle
must withstand the acidic stomach environment until
reaching its target, but release the drug in the more
neutral pH of the intestines, where the drug can be more
readily absorbed into the bloodstream (23). Figure 1
illustrates the colloidal stability of polyethylene glycol
(PEG) -coated magnetite nanoparticles across a wide
range of pH and ionic strengths. Monodisperse magnetite
nanoparticles were synthesized and then modified with
PEG using a silane functionalized PEG obtained by
reacting 3-aminopropyl triethoxysilane with carboxylic
acid methoxy PEG. Colloidal stability was studied by
determining particle size in aqueous solutions with
increasing pH and salt concentrations (24).

2. Magnetic Nanoparticles
Magnetic nanoparticles are the subject of intense
research focusing on their synthesis, characterization,
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and functionalization. The growing interest in magnetic
nanoparticles stems from the capability to induce
particle motion and rotation using an external magnetic
field, coupled with their small size, ease with which
their surfaces may be functionalized with surfactants
and polymers, and, in the case of iron oxides, their
biocompatibility. They are attractive in various novel
applications including: a) MRI contrast enhancement
agents (25-27), b) magnetically targeted drug delivery
(25-26), c) magnetic cell sorting schemes (28), d) nano-/
bio-sensors (5, 29), and e) Magnetic Fluid Hyperthermia
(30). Magnetite and maghemite are the most ubiquitous
class of magnetic nanoparticles being studied, but other
materials such as iron alloyed with cobalt, nickel, and
platinum are being investigated.

In the field of diagnostics, Magnetic Resonance
Imaging (MRI), based on the nuclear magnetic resonance
phenomenon, provides the possibility of detecting early
malignant tumors with the assistance of appropriate
contrast agents. Researchers continue to develop novel
magnetic materials to achieve this aim. While signal
intensity of the contrast agent is a crucial feature for
the detection of small tumors (31), the coating of the
contrast agent must also be taken into consideration when
engineering these nanoparticles. The surface coating will
have important effects on nanoparticle half-life before
excretion from the system, targeting specificity, and
amount of nanoparticle internalization into cells (32).
MRI detection of atherosclerotic plaques using magnetic
nanoparticles is currently being investigated. Patients with
substantial carotid narrowing caused by atheroscletotic
plaques are at increased risk for major stroke. Magnetic
nanoparticles show promise in identifying vulnerable
plaque inflammation in vivo in humans, in which areas
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Figure 1. Diameter of PEG-silane coated magnetite nanoparticles as a function of a) pH and b) ionic strength. With permission from

Barrera, et al. (24).
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of focal signal loss on MR images have been shown to
correspond to the accumulation of iron particles in plaque
macrophages (33).

In the field of therapeutics, the use of magnetic
nanoparticles for the treatment of cancer and other diseases
is still at the proof-of-concept stage. There are currently
many nanoparticle-based methods being investigated for
the purposes of specifically targeting drugs and other
molecules to diseased cells and tissues. One example is
how magnetic cell sorting techniques exploit interactions
between specific cells and nanoparticles specifically
engineered to target these cells. These techniques have
proven to be effective in such applications as embryonic
stem cell purification (34) and in the enrichment of plasma
cells from murine bone marrow (35).

One of the most recent and promising applications for
the use of magnetic nanoparticles is the magnetically
actuated delivery of drugs (36-40). Targeting is typically
achieved, as mentioned previously, by tailoring the
nanoparticle surface to recognize the cell of interest.
Various researchers have successfully shown this can be
achieved. Magnetically actuated drug delivery has the
features of most other nanoparticle-based drug delivery
systems, but it has the advantage that the release of
the drug or molecule of interest can be controlled by
a magnetic field. This application takes advantage of
the temperature increase generated by the magnetic
nanoparticles in the presence of an oscillating magnetic
field. This temperature increase is then utilized to stimulate
athermoresponsive polymer which is surface grafted onto
the nanoparticle. Another advantage of such a system is
that the magnetic field can be applied after the particles
reach the desired tissue, as determined by Magnetic
Resonance Imaging. With proper design one can envision
these particles as both therapeutic and diagnostic agents,
so-called theranostics.

The rest of this review is focused on the application of
magnetic nanoparticles in Magnetic Fluid Hyperthermia
(MFH). MFH consists of targeting magnetic nanoparticles
to cancerous tumors and applying an oscillating magnetic
field to the tumor region. This will cause the magnetic
particles to dissipate energy in the form of heat. The
associated rise in temperature causes cancerous cells to
undergo apoptotic cell death. Various groups have shown
this treatment to be successful in in vitro and in vivo
experiments, which will be discussed below.

2.2. Synthesis Methods

Superparamagnetic Iron Oxide Nanoparticles (SPION’s)
are typically monocrystalline and composed of magnetite
(Fe,O,) or maghemite (y-Fe,O,). Iron oxide nanoparticles
vary in their size and types of surface coating, factors which
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significantly affect their blood half-life, biodistribution,
and extent of uptake. In vivo, large iron nanoparticles tend
to have a short blood half-life and are quickly removed
by macrophages of the liver and spleen (26).

The synthesis method utilized to produce SPIONs
determines the size and polydispersity of the particle
population (10, 41). A commonly used method for
magnetite synthesis is the coprecipitation of iron salts
in aqueous media at room temperature under basic, inert
conditions (42). The size, shape, and composition of
the particles produced are highly dependant on reaction
temperature, pH, and ionic strength (43). This method has
the advantages of being facile, producing large amounts
of particles in a single batch, and access to a substantial
literature on surface modification of the particles. As an
example, our group has produced superparamagnetic
magnetite nanoparticles through the co-precipitation
method (44). An aqueous solution of 0.36 M ferric
chloride hexahydrate is mixed with an aqueous solution
of with a solution of 0.18 ferrous chloride. This mixture
is taken to pH 8.0 in the presence of a nitrogen stream
and vigorously stirred for 1 hour. Magnetite nanoparticles
are then precipitated from the aqueous solution. This
relatively straightforward method results in the formation
of large amounts of magnetic core clusters of about 36 nm
composed of single particles around 10 with the drawback
that the clusters generated are very polydisperse. Difficult
control of aggregation and particle size distribution are
the disadvantages of the co-precipitation method.

Attractive alternatives to co-precipitation are the
thermal decomposition methods reported in recent years
(45-50). In the method due to Park, et al. (47) one prepares
an iron oleate precursor which is then decomposed into
an iron oxide at high temperature in an organic solvent.
The resulting nanoparticles have narrow size distributions
but are unfortunately coated with a hydrophobic layer of
oleic acid. In order to obtain stable aqueous dispersions
of these particles in water, OA on the surface of the
particles is exchanged for another ligand (51), which not
only stabilizes the particle in suspension but can also
serve to covalently attach other molecules to the surface
of the particle (24).

Figure 2 shows TEM images of magnetite nanopar-
ticles synthesized through the coprecipitation and
thermodecomposition methods. Clearly the former method
produces particles with a wider size distribution, but more
importantly, the latter method produces particles that are
separated from each other, i.e. that are singly dispersed
in solution. Retaining this state of individual dispersion
while modifying the particle surface to make the particles
hydrophilic is an important step toward applying these
very uniform particles in medicine and biology.
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2.3. Nanoparticle Coatings

While manipulation of the magnetic
core is a very important challenge in
the engineering of SPIONSs, additional
factors need to be addressed. Colloidal
stability, cytotoxicity, and target specificity
of the nanopaticle system need to be
considered (9, 41, 52). These challenges
have motivated efforts to modify the
surface of nanoparticles to improve their
colloidal stability by introducing coatings

that provide steric and/or electrostatic
repulsive interactions. In addition to
providing stability, the nanoparticle coating
must also be non-toxic. Various groups have
reported on the effect of nanoparticle coating on cellular
toxicity. Goodman and colleagues demonstrated that
cationic nanoparticles were moderately toxic, whereas
anionic nanoparticles were nontoxic (53). They found that
nanoparticles functionalized with quaternary ammonium
had mild effects on cell viability in COS-2 and red blood
cells, while carboxy-functionalized nanoparticles did not.
Pisanic, et al. found that magnetic nanoparticles coated
with dimercaptosuccinic acid (DMSA) were toxic to
neurons in a dose-dependent manner (54). On the other
hand Wilhelm and colleagues have shown that DMSA
coated nanoparticles are non-toxic to HeLa cells or RAW
macrophages (20). These examples serve to illustrate the
importance and complexity of choosing an appropriate
surface coating for the desired application.

Poly-ethylene glycol (PEG) (55), poly-vinyl alcohol
(PVA) (56), and the polysaccharides chitosan (57),
dextran (58), and carboxymethyl dextran (CMDXx) (59)
are commonly used polymers for coating magnetic
nanoparticles. The stabilizing coating can also be used
as a platform to anchor other molecules that give the
original nanoparticle an extra degree of functionalization
or specificity. Proteins and antibodies can be attached to
the nanoparticle coating and these may be recognized by
specific receptors in targeted cell types (60).

The commercially available liver contrast agent
Feridex™ is composed of magnetic nanoparticles
coated with cross-linked dextran. Commercially
available carboxymethyl dextran coated nanoparticles
(Magneticfluids, Berlin, Germany) were shown by
Schwalbe and colleagues to efficiently separate tumor
cells from leukocyte/cell suspensions (21). Bhattari, et
al. have demonstrated that N-hexanoyl chitosan-coated
magnetite nanoparticles are efficiently taken up by RAW
macrophages, showing potential use in applications such
as MRI and cellular labeling (57). Yoo and colleagues
created magnetic nanoparticles for use as liver MRI
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Figure 2. TEM images of magnetite nanoparticles pre-pared by a)
coprecipitation and b) thermal decomposition.

contrast agents by successfully targeting rat hepatocytes
in vivo (61). Nanoparticles were coated with polyvin
ylbenzyl-O-B-D-galactopyranosyl-D-gluconamide
(PVLA) containing galactose moieties. The galactose
group is recognizable to the hepatic asialoglycoprotein
receptors.

3. Magnetic Fluid Hyperthermia

Current cancer treatments generally fall into a few
general categories: chemotherapy, radiotherapy, and
tumor extirpation. Although these approaches have saved
countless lives, they are not always enough to eradicate
the disease. In addition, chemo- and radiotherapy produce
such debilitating side effects that the patient’s quality of
life is so poor that they often refuse further treatment.

There is a need for localized, efficient treatments that
allow the patient a better quality of life. Efforts are being
made in locally treating tumors with high temperatures.
The idea behind this approach is that due to poor
oxygenation, tumor cells are more susceptible to damage
from heat. Healthy cells, but not cancer cells, can survive
temperatures of up to 42°C. According to the National
Cancer Institute, hyperthermia treatment kills cancerous
cells by elevating their temperatures to the therapeutic
temperature range of 42-45°C. This approach can destroy
tumors with minimal damage to healthy tissues and,
therefore, limit negative side effects. There are various
methods used to apply hyperthermia cancer treatment.
Laser therapy uses high-intensity light to shrink and
destroy tumors (62). In microwave therapy, body tissue
is exposed to high temperatures to damage and kill cancer
cells or to make cancer cells more sensitive to the effects
of radiation and certain anticancer drugs (63). However,
these treatments are also limited by the ability of laser
and microwave energy to penetrate body tissues.

Magnetic fluid hyperthermia (MFH) cancer treatment
involves injecting a fluid containing magnetic
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nanoparticles directly into tumors. When placed in an
alternating magnetic field, the nanoparticles dissipate
heat and destroy the tumors (Figure 3). This minimally
invasive procedure, unlike the alternatives of laser
and microwave hyperthermia, prevents unnecessary
heating in healthy tissues because only the magnetic
nanoparticles absorb the magnetic field energy (64).
Cancerous cells typically have diameters of 10 to
100 micrometers and have been shown to absorb
magnetic particles. One way of targeting magnetic
nanoparticles to tumors is through passive targeting
by the Enhanced Permeation and Retention (EPR).
Effect, originally described by Maeda and colleagues
(65). The defective vasculature surrounding tumors
have increased endothelial fenestrations and defective
architecture, resulting in preferential lodging of injected
nanoparticles into the tumor area (Figure 4). Another
approach to targeting magnetic nanoparticles to the
tumor site is through active targeting. This consists of
attaching specific ligands to the nanoparticle surface that
recognize specific receptors in the cancerous cells. Both
these targeting mechanisms increase the effectiveness of
hyperthermia by delivering therapeutic heat directly to
cancerous cells. Nanoparticles can also effectively cross
the blood-brain barrier (66), an essential step in treating
brain tumors.

Efforts are being made in order to optimize the
magnetic properties of nanoparticles for use in MFH.
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Doping the magnetic core with other metals can change
properties such as specific absorption rate (SAR) and
Curie temperature. SAR can be viewed as the heating
capacity of a specific material (67). By developing
materials that have higher heating capacity one can
reduce the dosage required for MFH, in this way reducing
potential toxicity and side effects. One alternative is using
thermally blocked materials, such as cobalt ferrite, which

have higher SAR compared to magnetite (Figure 5).
On the other hand, an important challenge in realizing
MFH as a viable cancer treatment is monitoring and
controlling the temperature during treatment. Left
unchecked, magnetic nanoparticles embedded in a
tumor and under the action of a magnetic field may
dissipate enough energy to raise the local temperature
well above the target of 42-45°C. This underscores
the need to either monitor temperature and control
the magnetic field conditions or develop magnetic
materials which somehow stop dissipating heat once the
target temperature range has been reached. The Curie
point of a ferromagnetic material is the temperature
above which it loses its characteristic ferromagnetic
properties. At temperatures below the Curie point the
magnetic moments are partially aligned within magnetic
domains in ferromagnetic materials. As the temperature
is increased towards the Curie point, the alignment
within each domain decreases. Above the Curie point,
there are no magnetized domains of aligned moments
(68). If a material were

(>4 magnetic nanoparticles

Oscillating magnetic field

A J

Tumor cell death caused
by increase in temperature

designed so that its Curie
temperature is just above
the target temperature range
in MFH such a material
would stop dissipating heat
at the target temperature.
Various candidate materials
have been suggested, such
as manganese/zinc ferrites,
iron/platinum alloys, and
more recently, substituted
manganese oxides (69-70).

3.1. In vitro studies

In order for an emerging
biomedical technology to be
accepted, an understanding of
what happens at the cellular
level is needed to safely

Figure 3. Schematic representation of Magnetic Fluid Hyperthermia. A suspension of magnetic
nanoparticles is introduced into a tumor. When placed in an alternating magnetic field, the
nanoparticles dissipate energy in the form of heat, causing a rise in temperature that leads to
cell death.
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assess possible safety issues
and side- effects associated
with the technology. In vitro
studies are extremely useful
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Figure 4. Passive versus active
targeting of tumors. Nanoparticles
can be passively delivered to tumor
site by the Enhanced Permeation and
Retention (EPR) effect. Defective
tumor vascularization and increased
vascular fenestrations permit lodging
of the nanoparticles into the tumor.
Active targeting is achieved by
attaching a ligand that can be
recognized by a surface receptor in
the cell of interest.

for these purposes. In 1996, Jordan and colleagues found
that dextran-coated magnetite nanoparticles were non-toxic
to human colonic adenocarcinoma cells at concentrations
of up to 5mg/mL. They demonstrated that these cells can
internalize up to 1.0 pg of magnetic material per cell (71).
In subsequent publications Jordan and colleagues went on
to show time-dependent uptake of magnetic nanoparticles
into tumor cells and were among the first to point out that
the magnetite nanoparticle surface coating

concentration. From these and other in vitro studies, the
basic science behind MFH is being elucidated.

3.2. In vivo studies

To date, various groups have studied the principles
of Magnetic Fluid Hyperthermia (MFH) in rodents and
rabbits. The typical methods of application consist of
injecting a superparamagetic ferrofluid into the tumor

affects cellular internalization kinetics
(72). They also demonstrated cell death by

100
MFH at temperatures between 43-45°C.

Prasad, et al. showed that inducing MFH
in HeLa cells with manganese-doped iron
oxides caused apoptosis and disrupted the
actin and tubulin cytoskeleton (Figure
6) (73). Bergey, et al. labeled magnetite
nanoparticles with luteinizing hormone
releasing hormone (LHRH) and were able
to selectively lyse cells that overexpressed
the LHRH receptor when MFH was
applied (74). Yan, et al. conducted MFH
experiments with maghemite nanoparticles
on human hepatocarcinoma (SMMC-

Temperature (C)

7721) cells (30). They showed that 60
minutes of magnetic field application was
capable of controlling cell proliferation

Time (min)

and increasing chromatin condensation,
features of apoptotic cell death. The
decrease of cell proliferation and increase
in apoptosis correlated with nanoparticle

Figure 5. Temperature increase as a function of time for magnetic nanoparticles
suspended in heptane at 2.5 %w-ferrite/v upon the application of a magnetic field
(6.6 kA/m and 233 kHz). Circles represent magnetite-oleic acid nanoparticles.
Triangles illustrate cobalt ferrite-oleic acid nanoparticles.
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site, or through the portal vein in the case of hepatic
tumors, and applying oscillating magnetic fields to
the animal. Promising results have been obtained in
these experiments. In a study by Minamimura, et al.,
dextran-magnetite ferrofluid was applied arterially for
the treatment of liver tumors in rats (75). Animals were
exposed to a 500 kHz alternating magnetic field in order

Figure 6. (a) Effect of MHT on microtubules (red) and nucleus
(blue). Cells without field and without magnetic particles
incubated for 24 h (C24), cells with field for 30 min but no
particles incubated for 24 h (F24), cells with particles but without
field incubated for 24 h (M24), cells with particles and field for
30 min and immediately fixed (MFO0), cells with particles and
field for 30 min and incubated for 4 h (MF4), cells with particles
and field for 30 min and incubated for 8 h (MFS), cells with
particles and field for 30 min and incubated for 12 h (MF12)
and cells with particles and field for 30 min and incubated for
24 h (MF24). Arrows indicate blebbing. Bar, 10 mm. (b) Effect
of MHT on actin (green) and nucleus (blue). Cells without field
and without magnetic particles incubated for 24 h (C24), cells
with field for 30 min but no particles incubated for 24 h (F24),
cells with particles but without field incubated for 24 h (M24),
cells with particles and field for 30 min and immediately fixed
(MFO0), cells with particles and field for 30 min and incubated
for 4 h (MF4), cells with particles and field for 30 min and
incubated for 8 h (MFS), cells with particles and field for 30
min and incubated for 12 h (MF12) and cells with particles and
field for 30 min and incubated for 24 h (MF24). Arrows indicate
blebbing. Bar, 10 mm. Figure reproduced from the article by
Prasad et al., "Mechanism of cell death induced by magnetic
hyperthermia with nanoparticles of y-Mn Fe, O, synthesized
by a single step process," Journal of Materials Chemistry, vol.
17, pp. 5042-51, 2007. Reproduced by permission of The Royal
Society of Chemistry. (http://dx.doi.org/10.1039/b708156a).
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to achieve intratumoral temperatures of 43°C for 30-40
minutes. Field amplitude was not reported. After 3 days,
animals in the control group showed a 385% increase
in tumor size, whereas MFH treated animals only had
a 28% increase in tumor size. Hilger and colleagues
applied a magnetic field with frequency of 400 kHz and
amplitude of 6.5 kA/m for a period of 4 minutes to human
breast adenocarcinomas implanted into immunodeficient
SCID mice, using iron oxide nanoparticles. Intratumoral
temperatures ranged between 45°C and 84°C by the end
of treatment (76). They found early stages of coagulation
necrosis in treated as compared to untreated tumors.

When treating hepatic tumors, ferrofluid is usually
injected intravenously through hepatic arterial infusion.
Jones and colleagues were able to achieve MFH in
experimental rabbit liver tumors (77). After infusing
ferromagnetic microspheres through the hepatic artery, the
animals were treated in sessions involving a single 20-min
exposure to a 53 kHz alternating field with an amplitude of
43 kA/m. Mean intratumoral temperatures reached 42°C.
This resulted in total suppression of tumor growth at 14
days compared to controls, in which tumor sizes increased
dramatically over the same period.

In 2005, Johanssen, et al. applied MFH to Dunning
R3327 rats suffering from prostate cancer (78). In order
to avoid heat shock protein induced resistance to heat,
animals received therapy at 48 hour intervals. Animals
were subjected to field strength of 12.6 kA/m, and
intratumoral temperatures between 41.2°C and 54.8°C
were achieved. Compared to animals in the control group,
animals who received MFH displayed a tumor growth
inhibition of 50.9%. In 2006, Jordan and colleagues treated
rats suffering from intracerebral glioblastomas by applying
MFH twice in 48 hours after a single ferrofluid injection
into the tumoral site (79). MFH was carried out by placing
the animals in an alternating magnetic field applicator
system for small animals operating at a frequency of
100 kHz and variable field strength of 0-18 kA/m. They
found a correlation between animals where intratumoral
temperatures of 43-47°C were achieved and a 4.5-fold
prolongation in survival. In 2008, Kawai and colleagues
used magnetic nanoparticles conjugated with cationic
liposomes to treat prostate cancer tissue near the bone
microenvironment into F344 rats (80). Field strength and
amplitude were 360 kHz and 30.6 kA/m, respectively. Rats
were irradiated for around 30 minutes and temperatures
inside the tumor where maintained at 45°C. They found
that compared to the control group, rats subjected to MFH
had reduced tumor proliferation and reduced necrosis of
the bone tissue associated to the prostate tissues.

There have also been promising results when
using a synergistic approach where MFH along with
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chemotherapeutic drugs or other molecules are utilized
for the treatment of tumors. The high temperatures make
the cancerous cells more susceptible to the agent designed
to destroy the tumor cell. One example is the work of Ito
and colleagues, who utilized tumor necrosis factor (TNF)
alpha gene therapy along with MFH to successfully inhibit
the growth of tumors in mice (81). TNF alpha is a factor
that starts a signaling cascade that leads to cell death.
TNF alpha expression was driven by the heat- and stress-
inducible promoter, gadd 153, with MFH using magnetite
cationic liposomes (MCLs) being responsible for the rise
in temperature. Magnetic field and amplitude were not
reported. In tumor bearing athymic mice, MCLs induced
cell death throughout much of the tumor area on heating
under an alternating magnetic field. This heat stress also
resulted in a 3-fold increase in TNF-alpha gene expression
driven by the gadd 153 promoter as compared with that
of non-heated tumor. Over a 30-day period, the combined
treatment strongly arrested tumor growth in nude mice,
results being more dramatic than with MFH alone.

3.3. Pre-Clinical Studies

Although positive results have been reported in vitro
and in vivo using MFH as treatment for cancer in various
animal models, MFH has not yet been established in the
clinical setting. This is most likely due to limitations in
current techniques, where problems are encountered in
selectively targeting the tumor and in homogenously and
controllably distributing the heat within tumor tissues.
To date, all SPIONSs used in the pre-clinical setting are
composed of the iron oxides magnetite (Fe,O,) and
maghemite (y-Fe,0,). This is due to the fact that these
materials have been proven to show low toxicity and
their metabolic pathway is known.

MagForce Nanotechnologies AG, a German company,
has designed an alternating magnetic field applicator
(MFH 300FTM). This magnetic field applicator generates
alternating fields of 100kHz at variable field strengths of
0-18 kA/m. It can be used to treat malignancies at almost
every location of the human body (82).

The first clinical feasibility study was carried out in
March 2003, on 14 terminally ill patients suffering from
glioblastoma multiforme (83). All patients received
intratumoral injections and received 4-10 MFH sessions
of 1-hour duration. Intratumoral temperatures reached
were between 42.4 - 45.5°C. Treatment was well
tolerated, and patient follow-up is ongoing. In 2008
a follow-up report was published about three patients
that had died during the study due to progression of the
disease (84). When brain autopsies were performed, the
group found the installed magnetic nanoparticles were
dispersed or distributed as aggregates within geographic
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tumor necroses, restricted in distribution to the sites of
instillation.

In 2005, Johanssen and colleagues started a feasibility
trial in ten patients suffering from recurrent prostate
cancer. The ferrofluid was injected transperineally.
The patients received six 60-minute MFH treatments
at weekly intervals, at field strengths of 4 to 5 kA/m.
Temperatures between 38.8°C and 43.4°C where
achieved in 90% of the prostates. In a follow-up study
performed 17.5 months earlier, nanoparticle deposits
were still detectable in the prostate, and no systemic
toxicity was observed (64).

4. Challenges and Conclusions

An important factor responsible for the slow adoption of
hyperthermia as an available resource for physicians and
patients is the limited targeting capabilities of currently
available nanoparticles. This limitation hinders the ability
to concentrate the nanoparticles within the targeted tumor
site, negatively affecting the homogeneous distribution
of heat. In order to overcome this constraint, the direct
injection of the nanoparticles into the tumor sites has
been presented as a viable solution for targeted delivery
of superparamagnetic nanoparticles. However, more
information needs to be uncovered in order to maximize
nanoparticle concentration and energy dissipation within
and in the vicinity of cancer tumors.

Magnetic Fluid Hyperthermia seems to be a viable
approach in the treatment of localized tumors. Tumor
size regression has been achieved in in vivo experiments
in animal models such as rodents and rabbits. Human
feasibility studies are under way, treatment seems to be
well tolerated, and to date there is no toxicity associated
with the treatments given. It remains to be seen if results
in human patients will be as promising as those achieved
in animal studies.

Resumen

Los sistemas de nanoparticulas estan siendo
intensamente investigados para varias aplicaciones
biomédicas. Suspensiones coloidales de nanoparticulas
magnéticas son de interés especial, particularmente como
una herramienta para la capturacion de bioimagenes,
y mas recientemente, por su utilidad en Hipertermia
causada por Fluidos Magnéticos, o “MFH” (Magnetic
Fluid Hyperthermia) por sus siglas en inglés. MFH
promete ser una alternativa viable en el tratamiento de
tumores cancerosos localizados. El tratamiento consiste
en inyectar una suspension fluida de nanoparticulas
magnéticas en el lugar del tumor, y luego exponer el
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area del tumor a un campo magnético oscilante. Esto
causa que las nanoparticulas disipen energia en forma de
calor, causando un aumento localizado en temperatura
y eventualmente muerte celular. Aqui presentamos una
revisién de métodos de sintesis de particulas magnéticas,
el papel que juega la cubierta de la nanoparticula en
alcanzar estabilidad coloidal, minimizar toxicidad, y
su reconocimiento por parte de la célula cancerosa.
Finalmente, discutiremos experimentos in vivo e in
vitro de MFH, y estudios clinicos en el tratamiento de
pacientes con glioblastoma multiforme y cancer de la
prostata.
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