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Abstract
The synthesis, characterization, and some aspects of biomedical applications of the magnetic
nanoparticles are reviewed. We will be focusing on some of the most common chemical methods
and experimental techniques to synthesize and characterize the magnetic nanoparticles. The mech-
anism in which the magnetic nanoparticles are to be used in some biomedical applications, such
as magnetic separation, targeted drug delivery, hyperthermia cancer treatment, and MRI contrast
agents, is also explored.

INTRODUCTION

Interest in nanoparticles has grown rapidly in recent
years because of their diverse applications in bio-
medicine and as novel materials for engineering and
devices. Magnetic nanoparticles are of particular inter-
est because of their potential application in areas such
as magnetic separation, magnetic resonance imaging
(MRI), targeted drug delivery, hyperthermia treatment
of solid tumors, and high-density magnetic storage.

In this article, we cover some of the synthesis meth-
ods (chemical reduction in reverse micelle, and solu-
tion, fabrication in hydrogels, thermal decomposition,
seed-mediated growth, and precipitation from aque-
ous solution) and characterization of magnetic nano-
particles (transmission electron microscopy (TEM),
X-ray diffraction (XRD), X-ray absorption spectro-
scopy (XAS), superconducting quantum interference
device (SQUID), Mössbauer spectroscopy, and small
angle neutron scattering (SANS). We will also explore
some of the biomedical applications such as magnetic
separation, targeted drug delivery, hyperthermia cancer
treatment, and MRI contrast agents.

METHODS OF SYNTHESIS

Fabrication of nanoparticles can be grouped into three
main synthetic methods: solid, gas, and solution.[1]

The solid route involves the mechanical milling or
the mechanochemical synthesis of raw powder to pro-
duce nanoparticles. This method has the disadvan-
tage of introducing contamination to the products
from the milling equipment as well as producing

particles with wide size distribution. In gas and
chemical routes, the synthesis can be considered as
either ‘‘phase-transformation’’ or ‘‘phase-build-up.’’ The
‘‘phase-transformation’’ can be described as the con-
version of finely divided metal compounds into metals
through thermal decomposition (see later) or chemical
reduction. On the other hand, in ‘‘phase-build-up,’’
particles are ‘‘constructed’’ from building blocks
(metal atoms). This process can take place from the
gas phase (chemical or physical vapor deposition) or
from the liquid phase (chemical precipitation). Gas-
phase synthesis involves the formation of a supersatu-
rated vapor of condensable gaseous species as a result
of a chemical reaction that produces a new species or
as a result of a physical process such as cooling that
will reduce the vapor pressure of the condensable
species. There are also several methods that use the
solution route and are discussed in further detail later.
These techniques produce uniform nanoparticles of
different shapes by using appropriate precursors and
by adding a surfactant or a capping ligand during the
transformation. The addition of a surfactant/capping
ligand can also prevent aggregation of the particles.

In the liquid phase, the chemical precipitation
usually occurs from homogeneous solution. When the
concentration of the constituent precursor reaches
critical supersaturation, there is short burst of nucle-
ation. This is followed by a period of uniform growth
as the solutes diffuse from the solution to the surface
of the nuclei until the final size is reached. To achieve
monodisperse nanoparticles, this process requires the
separation of the nucleation and growth phases, with
no further nucleation occurring during the growth
period. Multiple nucleation events can result in small

Dekker Encyclopedia of Nanoscience and Nanotechnology DOI: 10.1081/E-ENN-120042172
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particles aggregating to form much larger particles.[2,3]

This process is known as Ostwald ripening and typi-
cally leads to the coarsening of the size distribution
of the particles. Nucleation, particle growth, and
particle interaction can be better controlled in a liquid
medium, making chemical precipitation a more favor-
able method for producing uniform particles with
well-controlled features (see Fig. 1).

Chemical Reduction in Solution

Reduction is the transfer of electrons from reducing
agent to oxidized metal species in a process driven by
redox potential of the reaction, DE0. The value of
DE0 will indicate the likelihood of the reduction pro-
ceeding and can predict the rate of the chemical reac-
tion. An increase in its value is associated with faster
generation of atoms in the liquid phase. This leads to
a higher supersaturation concentration of atoms and
therefore faster nucleation. Thus, finely controlling
the redox potential of the reacting species and the
overall reaction is vitally important in controlling the
properties of the metal particle produced. Complex-
ing or precipitating the oxidized metallic species
can alter their electrochemical potential. The degree
of change is dependent on the stability constants or
the solubility products of the resulting compounds.[4]

The reducing agent can form an intermediate with
the oxidized metal species without altering its oxi-
dation state. In this situation, the reduction process
can be initiated by increasing the temperature, for
example, and it can be conducted very slowly, produc-
ing conditions that lead to the formation of highly
crystalline structures of regular shape.

An example of this is the reduction of iron (II) chlo-
ride and platinum acetylacetonate using superhydride

(LiBEt3H) at high temperature (263�C) to produce
4 nm FePt magnetic nanoparticles.[5] Alternatively,
5 nm CoPt nanoparticles can be produced by coreduc-
tion of cobalt and platinum acetylacetonate in tri-
methylene glycol.[6] These particles are ferromagnetic
at room temperature and by annealing above 550�C,
the magnetic properties of the nanoparticles can be
enhanced, owing to the induction of ordering.

Redox Transmetallation

This process involves metal ions of the reactant metal
complexes being reduced on the surface of metal (Me)
nanoparticles with the simultaneous oxidation of the
neutral Me0 to Menþ via ligand migration to form a
metal–ligand complex as a reaction by-product.[7–9]

This process also means that the particle size remains
the same during the reaction. Using redox transmetal-
lation, Lee et al.[9] fabricated cobalt core nanoparticles
with shells of gold, palladium, platinum, and copper.
Of particular interest are Co@Au core-shell nanoparti-
cles, because they can be transferred to the aqueous
phase without losing any magnetism and the gold shell
layer is very versatile.[9]

Reduction in Reverse Micelles

Reverse micelles are spherical aggregates formed by
surfactants dissolved in organic solvent. In the pres-
ence of small amount of water, which is readily solubi-
lized in the polar core, monodisperse aggregates can be
formed.[10] In contrast, microemulsions are formed
with a larger amount of water. The reverse micelles
can be used as microreactors for the synthesis of
nanoparticles. Briefly, aqueous solutions of metal salts

Fig. 1 Formation mechanism of nanoparticles where, following a single burst of nucleation, a period of uniform growth leads
to the formation of monodisperse nanoparticles by diffusion. Multiple nucleation events and growth via Ostwald ripening can
lead to polydisperse suspensions of nanoparticles.

2 Magnetic Nanoparticles for Biomedical Applications: Synthesis, Characterization and Uses
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containing elements that formed the desired nanoparti-
cle are added to the reverse micelle suspension. A
reductant (e.g., NaBH4) is added to the mixture and
once the metallic nanoparticles are formed, the micelle
solution is disrupted by the addition of an excess
amount of polar solvent (e.g., CHCl3: methanol) and
the particles are collected.[11–15]

Reverse micelles provide unique reaction media as
they can solubilize, concentrate, localize, and even
organize reactants. They also allow the nanoparticle
synthesis to take place in aqueous solution. However,
control of the size and shape of nanoparticles synthe-
sized by this method is difficult as it reflects the
interior of the micelles.

Hydrogels

A hydrogel is a gel that will expand greatly in aque-
ous solution. They are usually composed of a hydro-
philic organic polymer component that is cross-linked
through either covalent or non-covalent interac-
tions.[16] They can be synthesized to contain magnetic
nanoparticles by using a two-step emulsifier-free
emulsion polymerization. For example, bovine serum
albumin (BSA) can be covalently attached to the
particles to form thermosensitive magnetic immuno-
spheres, which can be very useful in the immunoaffinity
purification of anti-BSA antibodies from antiserum.[17]

Thermal Decomposition

In this process, organometallic complexes are rapidly
broken down in hot solvent containing surfactant,
which can form a protecting layer around the nano-
particle, whilst acting as a dispersant. For example,
the rapid pyrolysis of Co2(CO)8 in o-dichlorobenzene,
in the presence of trioctyl phosphine oxide (TOPO)
and oleic acid at 185�C will produce cobalt nanoparti-
cles, whose size and shape can be controlled by varying
the molar ratios of precursor and surfactant.[18,19] The
protective layer can also consist of polymers, which
can be tailored to improve the biocompatibility of the
nanoparticles. For example, Stevenson et al.[20] used a
poly[dimethylsiloxane-b-(3-cyanopropyl)methylsiloxane-
b-dimethylsiloxane] (PDMS–PCPMS–PDMS) family
of triblock polymers with controlled length to coat
Co nanoparticles. The central block (PCPMS) is
absorbed onto the nanoparticle surface and the hydro-
phobic end-blocks protrude into the carrier fluid
(poly[dimethylsiloxane]), providing suspension stab-
ility. Alternatively, one can also use peptides as capping
ligands for in situ synthesis of water-soluble Co
nanoparticles with the aim to use these particles for
biological applications.[21] The ability to tune the

properties of the peptides (by varying the length, and
sequence of amino acids) makes them a unique class
of ligands for combinatorial nanomaterial synthesis.
In addition to the 20 amino acids that occur naturally
in proteins, over 100 unnatural amino acids are avail-
able for peptide synthesis, which provide access to a
huge chemical combinatorial space. Like metallic
nanoparticles, 13 nm monodisperse maghemite parti-
cles have been synthesized by injecting Fe(CO)5 into
a solution containing surfactants and a mild oxidant
(trimethylamine oxide).[22] Moreover, Park et al.,[23]

using the same method, have been able to synthesize
monodisperse iron oxide nanoparticles with extremely
fine size control, producing particles with diameters of
6, 7, 9, 10, 12, 13, and 15 nm.

Seed-Mediated Growth

Introducing ‘‘seeds’’ to a reaction mixture can
increase the nucleation rate and thus the properties
of the resulting nanoparticles.[4] The catalytic or sur-
face properties of the small solid entities can trigger
the reduction of the species and the nucleation process.
This is of particular use in systems in which nucle-
ation would otherwise not take place or would be
too slow. It also has the advantage of artificially
separating the nucleation and growth phases of the
particle formation.

Seeds can be produced ‘‘in situ’’ by the rapid
reduction of a different, more electropositive element
or be in the form of a stable dispersed preformed
nanosized particle of the same element. To form mono-
disperse nanoparticles, it is necessary for the nucle-
ation process to be uniform throughout the entire
solution, a condition that is difficult to achieve in
rapid reductions. This has an effect upon reproducibil-
ity and scale up of the process.

To avoid this, it is favorable to use systems in which
the electron transfer is inhibited when the reactant
species are brought into contact, but can be induced
by changing the conditions (e.g., pH, temperature,
etc.) after the system is already homogenized. For
example, the solvent used to dissolve the metal salts
will become the reducing agent on changing the
conditions. Wang et al.[24] used Fe3O4 nanoparticles
as seeding materials for the reduction of gold precur-
sors to synthesize gold-coated Fe3O4 nanoparticles
(Fe3O4@Au).

Precipitation from Aqueous Solution

Precipitation routes from aqueous solution are widely
used for the synthesis of iron oxide nanoparticles.[25]

One method involves ferrous hydroxide suspensions

Magnetic Nanoparticles for Biomedical Applications: Synthesis, Characterization and Uses 3
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that are partially oxidized, using a variety of oxidizing
agents. The amorphous ferrous hydroxide is first pre-
cipitated and the aqueous gel is aged at 90�C over
various time periods in the presence of a mild oxidant
(e.g., nitrate ions). A study of the evolution of the pre-
cipitation with time has shown that minute primary
particles, nucleated in the ferrous hydroxide gel,
aggregate and then larger particles form by a contact-
recrystallization mechanism. The aggregation of the
primary iron oxide particles results from the Van
der Waals and magnetic forces acting under the con-
ditions of week repulsion, close to the isoelectric point,
giving rise to spherical crystalline particles.[26]

An example of this is using an iron (II) chloride and
iron (III) nitrate mixture (at a ratio of 1 : 1) in a basic
aqueous solution to precipitate spherical magnetite
(Fe3O4) nanoparticles with an average diameter of
7 nm.[27] Alternatively, by adding polyelectrolytes,
again at basic pH, to the iron salts during the preci-
pitation, ferrite nanoparticles of nearly uniform size
can be produced.[28] By varying the polyelectrolyte
concentration in the solution, the size of the result-
ing iron oxide nanoparticles can be easily controlled.

CHARACTERIZATION METHODS

For sample characterization, it is important to know
the phase, morphology (size and shape), as well as
the physical properties of the as-prepared magnetic
nanoparticles. In the following, we will cover some of
the most common techniques for this purpose.

Phase and Morphology Characterization

Transmission electron microscopy

Transmission electron microscopy (TEM) is one of the
most common techniques used to visualize and deter-
mine the morphology of the particles. In this technique,
the specimen is illuminated by a beam of monochromatic
electrons, some of which are transmitted through the
objective lens and then projected onto a viewing screen
(for example, a layer of electron fluorescent material)
to produce an image. In TEM, one can ‘‘see’’ particles
as small as a few angstroms (10�10 m), which is near
atomic levels. As an example, in Fig. 2 is shown the
TEM image of a self-assembled sample of Co nano-
particles with the mean particle size of 4.5 nm; the
particle size distribution is also shown in the left panel.

High-resolution transmission electron microscopy
(HRTEM) can sometimes be used for complex struc-
tures such as core-shell or those consisting of an alloy.
The HRTEM allows us to obtain information on the
crystal planes of the particles and measure the lattice
distance.

Scanning electron microscopy

A scanning electron microscope (SEM), like TEM,
uses a beam of electrons aimed at a specimen; there-
fore, both instruments have similar features such as
an electron gun, condenser lenses, and a vacuum sys-
tem. However, the images are produced and magnified
in different ways and while TEM provides information
about the morphology of the nanoparticles, SEM is

Fig. 2 TEM micrograph of 4.5 nm Co nanoparticles with the size distribution graph (Bar 50 nm).

4 Magnetic Nanoparticles for Biomedical Applications: Synthesis, Characterization and Uses
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mainly used to study the surface or near surface struc-
ture of bulk specimens. The spatial resolution of SEM
is approximately 15 nm, and therefore, not as good as
TEM, which can have spatial resolutions in the sub-
nanometer range; however, SEM images are generally
much easier to interpret. Also SEM has the ability to
image a comparatively large area of the specimen;
the ability to image bulk materials (not just thin films
or foils); and the variety of analytical modes available
for measuring the composition and nature of the
specimen.

Field-emission SEM (FESEM) uses a field-emission
cathode in the electron gun of a scanning electron
microscope and provides narrower probing beams
both at low and high electron energy; this results in
both improved spatial resolution and minimized
sample charging and damage. FESEM produces
clearer, less electrostatically distorted images with spa-
tial resolution down to 1.5 nm or better, i.e., several
times better than the conventional SEM. High-quality,
low-voltage images are obtained with negligible electri-
cal charging of samples (accelerating voltages range
from 0.5 to 30 kV).

X-ray diffraction

Powder X-ray diffraction (XRD) is the most conven-
tional technique that can be used to determine the
structure, phases, and average size of the particles. In
this technique, the structure and the lattice param-
eters are determined by fitting the X-ray patterns by
means of the Rietveld profile procedure;[29] several
software programs are available, such as FULL-
PROF.[30] The size of the particles can also be deter-
mined from the width of the X-ray peaks using the
Scherrer formula.[31] The particle size estimated from
the XRD is often found to be larger than that from
TEM estimates because of the broadening of X-ray
diffraction lines, which can be affected by many fac-
tors. In addition, the X-ray coherence length does
not allow the technique to be applied to the study of
particles that are too small (say less than 1 nm).

X-ray absorption spectra

When a beam of X-rays passes a sample, it can be
absorbed. A certain amount of energy of the incident
X-ray photons is sufficient to cause excitation of a core
electron of an absorbing atom, which causes it to pass
into a continuum state, thus producing a photoelec-
tron. This results in a drastic increase in the absorp-
tion, giving rise to an absorption edge. If one defines
the electron binding energy as E0, an X-ray absorp-
tion spectrum (XAS) is generally divided into four
sections: (1) pre-edge (E < E0); (2) X-ray absorption
near edge structure (XANES), where the energy of

the incident X-ray beam is E ¼ E0 � 10 eV; (3) near
edge X-ray absorption fine structure (NEXAFS), in the
region between 10 eV up to 50 eV above the edge; and
(4) extended X-ray absorption fine structure (EXAFS),
which starts approximately from 50 eV and continues
up to 1000 eV above the edge. The analysis of the dif-
ferent spectrum sections is particularly useful. The
XANES contains information about the electronic
state of the X-ray absorbing atom and the local
structure around it. The NEXAFS can give informa-
tion relating to bond angles, bond lengths, and the
presence of adsorbates. Finally, the EXAFS can give
information on the atomic number, distance, and coordi-
nation number of the atoms surrounding the element.

Magnetization Characterization

Magnetic particles with size smaller than few tens
of nanometers can be considered as single magnetic
domains, which display properties markedly different
from the bulk. One of the interesting features of nano-
size magnetic materials is the presence of the magnetic
relaxation process that is due to the thermal effect and
the existence of the energy barriers separating the local
minima for different equilibrium states of the system.
As a result, the magnetic behavior of a small particle
depends on its relaxation time (t),

t ¼ t0 exp½KV=ðkBTÞ�;

where t0 is of the order of 10�9–10�13 s and weakly
depends on temperature, kB the Boltzmann constant,
T the temperature; and K and V are the anisotropy
and (average) volume of the particle, respectively.
When t is smaller than the experimental time window
(tex), the magnetization vector is seen to change
quickly between different states, i.e., the system is in
a superparamagnetic state. By contrast, when t > tex,
, the thermal dynamic equilibrium state is very difficult
to observe, since the energy barriers arising from the
anisotropy obstruct the magnetization vector from
switching to a lower energy state. This case is generally
called the blocked state. The temperature at which
t ¼ tex is defined as the blocking temperature.

For magnetization characterization, it is important
to determine the blocking temperature of the nano-
particle sample. From this, sometimes one can also
obtain complementary information such as the mono-
dispersity of the sample; size and anisotropy of the
particles; formation of an oxide layer on the interme-
tallic sample, and the magnetic (dipole–dipole) inter-
action between particles.

One of the most common devices used in magnet-
ization characterization is the superconducting
quantum interference device (SQUID) in which the
magnetization can be measured within an experimental

Magnetic Nanoparticles for Biomedical Applications: Synthesis, Characterization and Uses 5
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window tex of about 20 s. Here, one can determine the
blocking temperature TB of the sample from a standard
zero-field-cooled (ZFC) and field-cooled (FC) measure-
ment of the magnetization. As an example, Fig. 3 shows
the results measured on 3.3 nm CoFe2O4 nanoparticles.
The ZFC curve shows a peak at about 90.5 K, which
corresponds to the blocking temperature TB. This
sample shows a good monodispersity with the sharp
peak at TB and the splitting between ZFC and FC
curves occurs very close to the peak’s position.

Another useful magnetization characterization can
be realized on measuring the a.c. susceptibility at
different frequencies (f ). Here, the experimental time
window tex ¼ 1/f. Fig. 4 shows an example for
3.3 nm CoFe2O4 nanoparticles. It can be seen that
the blocking temperature TB at the peak of the a.c.
susceptibility shifts toward higher temperatures with
increasing frequencies. The slope of the plot ln tex vs.
1/TB in the inset of Fig. 4 gives information on the
anisotropy (K) and the volume of the particles (V )
through the relationship ln tex ¼ ln t0 þ KV/kBTB.[32]

Other Techniques for Characterization of
Magnetic Nanoparticles

Mössbauer spectroscopy

Mössbauer technique is a very useful tool for probing
the properties of materials although it can be applied
only to those consisting of elements (more than 40)
that are Mössbauer-active of which 57Fe is the most
prominent ‘‘Mössbauer nuclide.’’ For magnetic nano-
particles, the magnetic hyperfine field splitting in the
Mössbauer spectra begins right below the blocking

temperature TB where the relaxation rate of particles
has slowed down sufficiently for the reversal energy
to exceed the thermal energy.[33] Note that because of
very small experimental time window (tex) in Mössbauer
(�10�9 s) when compared with other techniques such
as SQUID (�20 s), the blocking temperature derived
from the technique is higher. The analysis of the spec-
tra close to TB would give information on the size
distribution of the particles. Spectra below TB can give
different information on the phase(s) of the sample,
oxidation state, magnetic structure, dynamics effects
as well as the interaction between the particles.

Small angle neutron scattering

Small angle neutron scattering (SANS) is a useful tool
to study magnetic nanoparticles. In contrast to light
and X-rays, which are scattered by the electrons sur-
rounding atomic nuclei, neutrons are scattered by the
nucleus itself. In this technique, one can ‘‘see’’ the par-
ticle in the range between 1 and 500 nm. Several param-
eters can be evaluated from SANS data, including the
radius of gyration, the particle surface area, shape of
the scattering particles, magnetic structure, magnetic
correlation, alignment of nanoparticles as well as
their response to an external magnetic field.[34,35]

BIOMEDICAL APPLICATIONS

Magnetic Separation

Since magnetic nanoparticles can be quickly separated
by magnetic forces, they are excellent candidates for

Fig. 3 Temperature dependence of the magnetization of
3.3 nm CoFe2O4 nanoparticles measured in zero-field cooled
(ZFC) and field-cooled (FC) conditions with an applied field
H ¼ 10 Oe.

Fig. 4 Temperature dependence of the in-phase component

of the a.c. susceptibility of 3.3 nm CoFe2O4 nanoparticles
(w0ac) at different frequencies. The inset shows the logarithm
of the experimental time window tex as a function of inverse

blocking temperature (1/TB).

6 Magnetic Nanoparticles for Biomedical Applications: Synthesis, Characterization and Uses
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purification and reuse in biotechnology. The special
advantages of magnetic separation techniques are the
fast and simple handling of a sample vial and the
opportunity to deal with large sample volumes. This
is because intensive steps of centrifugation can be
omitted. Therefore, biomagnetic separation is highly
compatible for labor automatization systems that will
play a very important role in the near future.

In magnetic separation, first the magnetic nanopar-
ticles have to be tagged with a desired biological entity
such as proteins, DNA, RNA, enzymes, blood cells,
and cancer cells in the native solution. This tagging
can be made possible by chemical coating of magnetic
nanoparticles with biocompatible molecules such as
dextran, peptides, and phosopholipids. The magneti-
cally labeled entities can then be separated using a per-
manent magnet and washed with water. Finally, the
magnetic particles can be untagged and removed again
by a magnetic field to obtain the desired biological
product. An example of the use of magnetic nanopar-
ticles for the separation of DNA from a blood sample
is illustrated in Fig. 5.

Drug Delivery

Most current chemotherapies are relatively non-
specific and tend to attack normal healthy tissue leading
to unwanted side effects that can lead to the discon-
tinuation of their use. However, if such treatments
could be localized, e.g., anti-inflammatory drug to
arthritic joints, the dose and thus the side effects
could be minimized allowing prolonged use of these
agents (see Fig. 6).[36]

One particular method of achieving this would be to
attach a therapeutic drug to a biocompatible magnetic
nanoparticle carrier that is injected into the patient via
the circulatory system. Once in the blood stream, the
drug-carrier complex can be concentrated at a specific
site by applying a high-gradient, external magnetic
field; the drug released via enzymatic activity or
changes in the physiological conditions.[37]

There are several physical parameters that gov-
ern the effectiveness of the therapy, including field
strength, gradient, and volumetric and magnetic prop-
erties of the particles. Hydrodynamic factors, such as
blood flow rate, carrier concentration, and infusion

Fig. 5 Schematic view of the use of magnetic nanoparticles to separate the DNA from blood sample. Source: From http://

www.chemicell.com.

Fig. 6 Schematic view of the use of magnetic nanoparticles
for guided drug delivery.

Magnetic Nanoparticles for Biomedical Applications: Synthesis, Characterization and Uses 7
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route and circulation time, will also play a major role if
the carriers are administered via the circulatory system.
Finally, physiological parameters such as tissue depth
to the target site (i.e., distance from the magnetic field
source), reversibility, and strength of the drug/carrier
binding and, in cancer treatments, tumor volume are
also very important.[38]

Generally, the carriers are magnetic particles coated
with a biocompatible molecule (e.g., polymer, peptide,
silica), which can be functionalized by adding carboxyl
groups, biotin, avidin, and other molecules.[39–41] These
molecules can then act as attachment points for the
coupling of therapeutic drugs.[42]

Therapeutic Hyperthermia

Hyperthermia treatment of cancers involves using a
device to heat malignant cells. However, the majority
of devices are restricted in their use owing to coinciden-
tal damage to surrounding healthy tissue. Magnetic
nanoparticle hyperthermia provides a possible solution
to this problem. Generally, magnetic particles can be
dispersed into the target tissue and an AC magnetic
field of sufficient strength and frequency is applied
resulting in the heating of the particles. The heat is then
transferred to the surrounding diseased tissue and if
the temperature can be maintained above the thera-
peutic threshold of 42�C for a minimum of 30 min,
the tumor is destroyed.[42]

However, to date, most laboratory and animal
model based studies have used magnetic field strengths
that would have deleterious effects on humans, such as
peripheral and skeletal muscle stimulation, cardiac
stimulation, and arrhythmia and non-specific heating
of tissue. This may be overcome by direct administra-
tion of the magnetic material directly into the target
site rather than via the circulatory system. This would
allow far greater quantities of the material to be used,
and therefore, lower field strengths could be applied.

MRI Contrast Enhancement

Magnetic resonance imaging (MRI) utilizes the vast
number of protons present in biological tissue as each
has an extremely small magnetic moment, which
together lead to a measurable response in a large
magnetic field. The response is derived from the net
magnetic moment of the protons in a radio fre-
quency transverse field applied in a pulsed sequence.
Pick-up coils within the MRI scanner measure induced
currents caused by the relaxation of the response
from the instant when the pulse is switched off.

By using magnetic contrast agents, the relaxation
times T1 (longitudinal or spin–lattice) and T2 (trans-
verse or spin–spin) can be shortened. Paramagnetic

gadolinium ion complexes are the most commonly
used contrast agents, while superparamagnetic (SPM)
iron oxide particles are available for the organ specific
targeting of liver lesions. In the field strengths normally
used in MRI scanners, SPM particles become magnet-
ically saturated, leading to a considerable locally
perturbing dipolar field, which has the effect of short-
ening the relaxation times.

Magnetic nanoparticles are selectively taken up by
the reticuloendothelial system of cells lining blood
vessels, which remove foreign substances from the
body, the differential up-take of different tissues in
the body is vital for MRI.[43] Particle size is also of
great importance; smaller particles have a longer half
life in the blood stream, accumulating in the reticulo-
endothelial cells throughout the body.[44,45] One of
the drawbacks of using iron oxide nanoparticles as
contrast agents is their relatively low saturation
magnetization, requiring the use of larger particles.
Transition metal nanoparticles, e.g., those made from
cobalt, have a much higher saturation magnetization
value, allowing the use of smaller particles (<8 nm),
without compromising sensitivity, and research is
currently ongoing to assess their effectiveness.

CONCLUSIONS

We have attempted to present an up-to-date review of
the synthesis, characterization, and biological appli-
cation of magnetic nanoparticles. The synthetic meth-
ods currently used have to surmount the problem of
producing particles that are not only soluble in aque-
ous solution but also able to withstand the specific
environments present in a biological system (e.g.,
powerful electrolytes, etc.). Nanoparticles can be pro-
duced in aqueous solution, but tend to be polydisperse
aggregates, whilst those produced in organic solvent
are monodispersed but they do not readily dissolve in
aqueous solution. In the future, new syntheses methods
need to be developed that are designed with a specific
biological application as the focus to overcome the
problem of technology transfer as this is one of the
major challenges in the biomedical application of mag-
netic nanoparticles.
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