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ABSTRACT Magnetic nanoparticles are useful as contrast
agents for magnetic resonance imaging (MRI). Paramagnetic
contrast agents have been used for a long time, but more
recently superparamagnetic iron oxide nanoparticles (SPIOs)
have been discovered to influence MRI contrast as well. In
contrast to paramagnetic contrast agents, SPIOs can be func-
tionalized and size-tailored in order to adapt to various kinds of
soft tissues. Although both types of contrast agents have a
inducible magnetization, their mechanisms of influence on
spin-spin and spin-lattice relaxation of protons are different. A
special emphasis on the basic magnetism of nanoparticles and
their structures as well as on the principle of nuclear magnetic
resonance is made. Examples of different contrast-enhanced
magnetic resonance images are given. The potential use of
magnetic nanoparticles as diagnostic tracers is explored. Addi-
tionally, SPIOs can be used in diagnostic magnetic resonance,
since the spin relaxation time of water protons differs, whether
magnetic nanoparticles are bound to a target or not.

KEY WORDS contrast agent - diagnostic magnetic
resonance - magnetic nanoparticles - magnetic resonance
imaging - spin relaxation
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MPI magnetic particle imaging
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PEG poly-ethylene-glycol

PEI poly-ethylen-imine

PET positron emission tomography

SPIO  superparamagnetic iron oxide

VEGF  vascular endothelial growth factor
INTRODUCTION

Nanoscience and nanotechnology have tremendously
influenced research in the fields of biology and medicine over
the last few decades.

Applications of engineered nanoparticles related to these
fields include targeted drug (1—4) and gene delivery (5,6) as
well as agents to enhance the diagnostic possibilities of
magnetic resonance imaging (7,8) or the development of
new imaging methods (9).

Nanoparticles possess unique properties such as a high
surface to volume ratio, their quantum properties (10) and
their ability to carry other compounds due to their small
size. These characteristics make them attractive for many
medical applications.

Next to non-magnetic nanoparticles like liposomes,
polymeric micelles, dendrimers and quantum dots, magnetic
nanoparticles form an interesting and useful group of nano-
particles. The natural abundance of MNPs in biological sys-
tems is very high. All migratory birds, fishes and other animals
use magnetic nanoparticles in their geomagnetic navigational
aids (11). Ferritin, the most common iron storage protein
can contain up to 3000 ferric ions in a paramagnetic
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oxyhydroxide core (12). This protein is present in almost
every cell of plants, animals and humans. The human
brain, for example, contains over 108 magnetite (Fe3O,) and
maghemite (FeoO3) nanoparticles per gram tissue (13).

Switchable magnetic properties of superparamagnetic
nanoparticles make these materials useful for magnetic drug
targeting, cell tracking, hyperthermia and medical imaging.
Based on their inducible magnetization, SPIO and agents
bound to SPIO can be guided to a defined location in an
external magnetic gradient field (14,15) or heated up in an
external applied oscillating field (16). Thus, SPIOs are
attractive for many applications ranging from separation
techniques (17), magnetic transfection of cells (18) to
contrast enhancing agents for MRI (19-23).

Magnetic resonance imaging on its own has already an
outstanding soft tissue contrast. The ongoing development
of magnetic nanoparticles as contrast agents further
enhances image contrast . New magnetic contrast agents
can be size-tailored to accumulate in specific organs
(24,25) or their surface can be functionalized to target
cells (e.g. tumour cells) specifically (26). Hence, the con-
trast of MRI is significantly enhanced and diseases can
be potentially detected at an earlier stage.

In this article we focus on the basic principles of the
magnetism of magnetic nanoparticles as well as on the
principles of nuclear magnetic resonance to explain the
impact of magnetic nanoparticles on MRI. Based on nuclear
magnetic resonance (NMR), we show that magnetic
nanoparticles can be used as a diagnostic tool to detect
the binding of SPIO with cells and pathogens.

BASIC PRINCIPLES

Magnetic nanoparticles for medical and biological appli-
cations can be divided into paramagnetic, ferromagnetic
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and superparamagnetic particles. The impact of
superpara- and ferromagnetic particles on magnetic res-
onance imaging or diagnostic magnetic resonance is al-
most equal. The composition of paramagnetic particles is
completely diverging from the composition of superpara-
and ferromagnetic particles. Superpara- and ferromag-
netic particles are composed of a magnetic core and a
surface coating (Fig. la). Paramagnetic particles are
mainly chelates of paramagnetic ions with no explicit
core and surface coating (Fig. 1b). Thus, their influence
on MRI contrast is rather different from superpara- and
ferromagnetic particles.

Additionally to their conventional composition, a new
generation of magnetic nanoparticles has been invented
more recently. These new particles combine different
imaging modalities such as PET and MRI (Fig. lc). For
this purpose SPIOs are combined with PET tracers,
®*Cu and '®F for example. With the integration of two
imaging modalities molecular information can be visualized
together with anatomic details to assist for better medical
diagnostics (27).

Magnetism of Magnetic Nanoparticles (MNP)

The material of the core as well as the core’s size and shape
of a superpara- and ferromagnetic particle mainly define its
magnetic properties.

The type of core material defines whether the particle is
para- or ferromagnetic at the body’s temperature of 310 K.
In general, magnetism depends strongly on the temperature.
If the temperature is higher than the material specific Curie
temperature, ferromagnetism and thus superparamagnetism
disappears and the material shows paramagnetic behaviour.
The commonly used Gadolinium (Gd**) based contrast
agents are paramagnetic in medical and biological
applications.
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Fig. I Overview for the structure of different magnetic particles; (@) a simple structure of a magnetic particle with a metal core and a surface coating without
any further functionalization (D¢ = metal core diameter, Dy = hydrodynamic diameter); (b) the structure of a manganese containing contrast agent; the
manganese ion is chelated by Dipyridoxal Diphosphate (DPDP). (c) a proposed structure of a contrast agent with dual imaging modalities. Next to the
magnetic nanoparticle for MRI this structure also contains a radioactive metal ion, M, for PET imaging. (c) reprinted with permission from (67).
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Paramagnetism

Each atom of a paramagnetic material behaves as indi-
vidual, non-interacting and randomly orientated molecular
magnet with the magnetic dipole moment p. In absence of
an external magnetic field the dipoles of a paramagnetic
particle are oriented randomly. When an external magnetic
field is applied to paramagnetic particles, the molecular
magnets start to align with the direction of the external
magnetic field. When the magnetic field strength is increased,
more and more molecular magnets align with the external
field untl all molecular magnets are aligned. Complete align-
ment of the particles with the external field is defined as
magnetic saturation. Magnetic saturation in paramagnetic
particles can only occur at very low temperatures or at very
high magnetic field strengths. Paramagnetic gadolinium
chloride for example starts to saturate at approximately
50 T (28). Once the external magnetic field is removed
all molecular magnets will instantaneously orientate in a
random manner due to thermal fluctuations. Hence, no
net magnetization or remanence occurs in paramagnetic
particles.

Ferromagnetism

Ferromagnetism and cognate magnetism (ferrimagnetism,
antiferromagnetism) are characterized by a strong exchange
interaction energy, which leads to a regular orientation of
the magnetic moments. One ferromagnetic particle is orga-
nized in Weiss domains, each separated by a Bloch or a Néel
wall (29,30). All of the magnetic dipole moments within each
Weiss domain are orientated in the same direction. As long
as no external magnetic field is applied, there is no necessity
that magnetic moments in different Weiss domains are
oriented in the same direction. In the presence of an exter-
nal magnetic field the domain walls will reorganize and the
total magnetic moment, as well as the magnetization M of
the ferromagnetic particle, start to align with the external
field. After removing the external magnetic field, the
magnetization of the ferromagnetic particle can be partially
or even fully retained, the particle shows a magnetic
remanence and can act as a permanent magnet.

The number of Weiss domains depends strongly on the
size of the particle. If the size of the ferromagnetic core D is
smaller than a critical size Dyq, the multiple domain state
will be abandoned for the benefit of an energetic more
favourable single domain state (Fig. 2). These single domain
particles consist of only one Weiss domain, so that all of the
internal dipole moments point in the same direction. The
magnetic moment of the ferromagnetic single domain
particle with volume V and the saturation magnetization
M; is in the range of V-M;. In ferromagnetic single
domain particles, magnetization can only be changed
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Fig. 2 At a given temperature nanomaterials show a distinctly different
behaviour for different sizes. The critical sizes for the observation of
superparamagnetism and single-domain behaviour, Dy, and Dy, respectively,
in a variety of common ferromagnetic fine particles are shown. For core
diameters Dc < Dy, they exhibit superparamagnetism; for D, > Dy, they
split into multiple domains to minimize their overall energy and between D,
< D¢ > Dgy, they are ferromagnetic and single domain. A measurement
time of 100 s is assumed in all cases. Reprinted with permission from (37).

by relaxation of the bulk (Brownian relaxation) and the
magnetization vector (Néel relaxation) and not due to
reorganization of the domain walls (31). Magnetic saturation
occurs at small external fields compared to paramagnetic
particles. Saturation is achieved, for example, at 1-2.5 T for
massive steel and at 0.15-0.25 T for iron oxide nanoparticles

(32-35).
Superparamagnetism

If the size of a ferromagnetic single domain particle is further
decreased, so that D, is smaller than a second critical size Dy,
superparamagnetism occurs (Fig. 2). In particles smaller than
the critical size Dy, thermal fluctuations outcompete the
dipole-dipole interactions and cause the magnetization to
flip randomly in absence of an external magnetic field
(36). Thus, the energy barrier, which separates the fer-
romagnetic single domain state from the superparamag-
netic state, is proportional to the volume of the particle, to
the anisotropy constant and to the observation time (37).
Furthermore, superparamagnetic particles have, exactly
like paramagnetic particles, no net magnetization if no
external field is applied. However, the needed external field
strength to saturate superparamagnetic particles is compara-
ble to the field strength for ferromagnetic particles (32-35).
The critical sizes Dyq for ferromagnetic single domain particles
and Dy, for superparamagnetic particles of different materials
are shown in Tig. 2 (37). Particles with sizes larger than Dy
consist of multiple Weiss domains.
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The influence of the core’s shape on the magnetism of the
particle will only be addressed briefly. The shape of the
ferromagnetic or superparamagnetic core affects the homo-
geneity of the magnetization. A homogeneous magnetiza-
tion can only be achieved if the shape is ellipsoidal.
Distortions from the ideal shape can lead to destabilization
of the single-domain state of the particle (38).

Synthesis and Surface Coating

The bare metal core of magnetic nanoparticles must meet
several stability requirements to avoid agglomeration and to
obtain stable colloidal suspensions (5,39,40). Magnetic
dipole-dipole interactions and van der Waals attractive
forces mainly affect this stability. Minor aspects are the
stability against settling in the gravitational field and the
stability in a magnetic field gradient, which can be achieved
by reducing the size and which goes hand in hand with
stabilization against magnetic interaction.

To minimize magnetic dipole-dipole interaction, the
dipole-dipole contact energy must be smaller than the
thermal energy kgT. For ferromagnetic particles, the
dipole-dipole interaction energy depends on the particle’s
volume. Hence, the size of the particle must be reduced.
As long as the dipole-dipole contact energy is much
smaller than the thermal energy, the influence on the
colloidal stability of magnetic interaction can be
neglected (35). Accordingly, for particles based on
Fe3O, this is the case for a core diameter smaller than
approximately 8 nm (35).

Van der Waals forces arise spontaneously between par-
ticles because of fluctuating electric dipole-dipole forces,
which are always present on the nanometer scale. Com-
pared to magnetic dipole-dipole interaction van der Waals
forces are much larger. The magnitude of interaction
decreases with the power of six with the distance for van
der Waals interaction and with the power of three with the
distance for magnetic interaction. Therefore, stabilization
against van der Waals forces is only possible by increasing
the distance between the metal cores of single particles and,
more effectively, by strong steric repulsion of an applied
surface coating.

Furthermore, corrosive effects on bare metal nanopar-
ticles are more present due to their high surface to volume
ratio, which makes them more chemical reactive (5).

Besides the preservation of physical stability there are
several requirements on magnetic nanoparticles in biologi-
cal and medical applications. First, toxicity must be avoided.
Second, depending on their application it is desired to
increase or decrease their circulation time in the cardiovas-
cular system. An increase in circulation time of the nano-
particles allows the detection of structural abnormalities in
the cardiovascular system. Since tumours and inflammatory
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as well as infectious sites show rapid neovasculature, nano-
particles can easily permeate into the surrounding tissue and
accumulate (19,41). Contrary, rapid elimination from the
body 1s required to minimize the exposure of the body to the
agent as well as interferences with other imaging modalities,
e.g. CT (42). Third, their specificity to defined targets (e.g.
tumour tissue, specific organs, cells, proteins) needs to be
improved.

Gadolinium based paramagnetic agents are obtained by
complexation of the Gd*" ion with chelates like Diethylene-
Triamine —Pentaacetic Acid (DTPA), 1,4,7,10-tetraazacy-
cloDOdecane-1,4,7,10-Tetraacetic Acid (DOTA) and Di-
Pyridoxyl- Di-Phosphate (DPDP) (43). Subsequently, these
complexes can be entrapped in capsule systems in two ways.
One approach is the entrapment in the interior of proteins
like apoferritin or other macromolecular conjugates like
dextran, dendrimers or polylysine (43,44). With this loose
structure, water molecules can still diffuse through the gaps
to allow inner sphere relaxation processes. The other
approach is the incorporation into a capsule’s membrane
or linking the gadolinium chelate to a targeting peptide
or small molecule. This method implicates drawbacks like
decreased stability of the complex (43).

Manganese based paramagnetic nanoparticles can be
classified into two categories; first, the small molecule agents
and second the macromolecular agents (45). Small molecule
agents are, like Gd-chelates, complexes of Mn*" ions with
chelates such as DPDP, DTPA or even porphyrin-rings.
These complexes can be further modified by incorporation
into lipid bilayers. Macromolecular agents are made of
manganese oxides such as MnO, MnOy and Mn3Oy. These
oxides are formulated into nano- or microparticles. After
dissolution in the cells due to proteolytic degradation these
particles convert their MR contrast from Ty contrast agents
to T contrast agents (Mn®") (45). Superparamagnetic iron
oxides (SPIO) are often doped with manganese ions for
better sensitivity in their function as contrast agents (45).

Among various crystalline polymorphs of iron oxide,
maghemite (FeoO3) and magnetite (Fe3Oy) are the one with
the greatest interest in biological and medical applications
(39). These superparamagnetic particles are mainly made
using a co-precipitation of Fe’™ and Fe?* ions (37,46). While
large quantities can be made, it is difficult to obtain consis-
tent physical properties (size, shape and dispersity) (46,47).
To circumvent these obstacles new approaches have been
developed by adding polymers or polyelectrolytes during co-
precipitation (46).In contrast, thermal decomposition of a
Fe®* chelate solution does not produce large amounts but a
tailoring of the core size to 4-20 nm is possible (47,48).
Other methods of preparation of SPIOs are sol-gel reac-
tions, hydrothermal methods and flow injection synthesis
(43). Pure metals as core material like Fe and Co have the
advantage of better magnetic properties and high saturation
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magnetization (49,50). However, their oxidative stability is
lower and the toxicity is higher compared to iron oxides. To
circumvent these obstacles some particles are made of an
elemental iron core and an artificial ferrite shell (Fe@M-
FeyO4, M=Fe, Mn, Co) combining biocompability and
improved hysteresis (51).

Superparamagnetic particles have been coated with Poly-
Ethylene-Glycol (PEG), dextran, chitosan, Poly-Ethylen-
Imine (PEI), silica (SiOy), silanes and phospholipids
(39,47,52). All of these polymers and polysaccharides can be
further modified with different functional groups like, small
molecules, peptides, proteins, aptamers, or even antibodies
(46,47). A new way of functionalization was introduced which
uses bioorthogonal chemistry making it possible to combine
one type of particle with various ligands (53).

Biocompatibility

Free Gd*" ions are cytotoxic and are retained in liver,
spleen and bone (54). Their chelates behave differently.
Their biocompatibility can be further enhanced by shielding
them with other dendrimer-like structures (55) . Gadolinium
has many advantages as a paramagnetic contrast agent,
but recently it has also been associated with nephrogenic
systemic fibrosis (NSF) in patients with severe renal dis-
ease or in patients after liver transplantation (45).

Manganese is a natural cellular constituent resembling
Ca®", which often acts as a regulatory cofactor for enzymes
and receptors (45). However, its toxicity is also known from
dust containing manganese in high doses. Besides this, main-
ly the brain is vulnerable to manganese exposure. Symptoms
comparable to characteristics of Parkinson disease are
known (45).

The surface coating of SPIOs mainly influences their
pharmacokinetics, cellular uptake and ability to cross bio-
logical barriers. Macrophages and mainly proliferating cells
are able to internalize MNPs when they are smaller than
100 nm (39). In macrophages this happens via receptor-
mediated endocytosis while in proliferating cells, e.g. tu-
mour cells, active internalization takes place, where the
uptake occurs by fluid phase endocytosis in the G, cell cycle
phase (56,57). It has also been shown that the uptake seems
to depend on the size of the particles. Particles, which are
smaller than 50 nm, need to cluster together on the cells
surface for endocytosis. One particle alone will not produce
enough ATP in the cell, since only one or few receptors will
be targeted. Hence the triggering of a signal cascade, so that
the cell’s membrane will wrap around the particle, will not
occur (47,58).

SPIOs are highly captured in the liver (Kupffer cells), the
spleen and the lymph nodes (37,39,57,59). Depending on
their size, the way of clearance from circulation differs.
Small particles (<5 nm) are mainly renally secreted as was

shown by Choi et al. By using zwitterionic cysteine coated
quantum dots the clearance of the nanoparticles from the
body depending on their size and surface charge was fol-
lowed (42). Particles with the size of 10 to 180 nm are taken
up by phagocytotic cells such as Kupffer cells in the liver,
macrophages but also microglia in the brain. Their primary
elimination from the blood circulation occurs in the reticu-
loendothelial system (60).

However, the incorporation into hemoglobin of erythro-
cytes has also been reported (61). Nevertheless, it still needs to
be elucidated, how cells can handle the overdose of iron oxide,
which is present right after the injection of a contrast agent (62).

Besides the size of MNPs, their uptake depends on other
factors like their chemical composition, shape, surface
structure and charge, aggregation and solubility, but also
on the presence of functional groups or other chemicals
(63). Nevertheless, it has to be mentioned that, the
smaller the particles, the more reactive is their surface
leading to a higher concentration of reactive oxygen
species and therefore free radicals in the cells. This in
turn causes oxidative stress, inflammation and finally
damage to proteins, membranes and DNA (56).

Nuclear Magnetic Resonance

Certain atomic nuclei possess a nuclear spin and thus a
permanent magnetic dipole moment. The most important
example for medical and biological application is the hy-
drogen nucleus 'H in water molecules. In a static main
magnetic field By, the magnetic dipole moments are pointed
either in direction of the main field (lower energy state) or in
the opposite direction (higher energy state). The two states
are populated according to a Boltzmann distribution by the
nuclear spins with a higher population in the lower state at
body temperature. This difference in occupation numbers of
the two energy states leads to the measureable net magne-
tization My (Fig. 3a).

Both orientations are linked to slightly different energy
states; the energy gap is proportional to the magnitude of
the main magnetic field By. Transitions between the two
states can be achieved by applying a time varying magnetic
field perpendicular to the main magnetic field By. The
frequency of this perturbing magnetic field is given by @ = y
-By, with the gyromagnetic ratio y. The value of y varies for
different nuclei. For the proton 'H the gyromagnetic ratio is
42.6 MHzT™'. Hence, for a typical magnetic resonance
imaging device with a By field of about 3 T, a radiofre-
quency of about 127.8 MHz is needed to flip the net
magnetization vector of the nuclei out of its initial orienta-
tion. Nuclear resonance imaging devices used for small
samples are commercially available up to field strengths of
more than 20 T, resulting in a radiofrequency of more than
900 MHz.
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a A Z||B, b s z||B,

Fig. 3 lllustration of the origin of the nuclear net magnetization Mg of
hydrogen spins in a main magnetic field Bg. (@) The Boltzmann distribution
of an ensemble of hydrogen nuclei is allowed on two precession cones. In
thermal equilibrium the occupation number of the state of lower energy is
somewhat higher than that of the state of higher energy leading to the net
magnetization Mg. (b) Definition of the transversal and longitudinal mag-
netization; As the net magnetization Mg precesses in the stationary frame
around the z axis, it can be split into two components; the transversal
magnetization M, and the longitudinal magnetization M,.

If a perturbing magnetic field with the adequate frequency
® and duration 7 is irradiated perpendicular to the main
magnetic field, the magnetization vector Mg will be flipped a
certain angle (Fig. 3b). The flip angle ais given by @ = y - Bgp
-7, with the amplitude of the perturbing field Bgy. The mag-
netization parallel to the main magnetic field M, will be
decreased during the irradiation of the perturbing field until
its value reaches zero. If the perturbing field is not switched off
at this moment, My, decreases further and becomes negative
(Fig. 3b). Due to the transversal perturbing field the spins are
excited to precess in-phase. Thus, the magnetic moments stop
annihilating and a rotating magnetization M,y in the x-y plane
1s the consequence (Fig. 3b).

Immediately after the application of the radiofrequency
pulse, a peak signal, which decays very fast (free induction
decay, FID), can be detected with a detector coil. The signal

arises from the rotating magnetization. The fast signal decay
is caused by the relaxation of the transversal magnetization
caused by many effects, which are described later.

The original longitudinal magnetization, which was
changed after the application of the radiofrequency pulse,
will be recovered by the longitudinal or T relaxation.

The longitudinal relaxation causes the system to return to
thermal equilibrium due spin-lattice interaction, if only the
main magnetic field By acts on the spins (Fig. 3a). It is note-
worthy that the By field remains on throughout the experiment.
The regrowth of the net longitudinal magnetization is charac-
terized by the T relaxation time, which is given by Eq. 1:

M(t) = Mo (1= ¢77) (1)

with the magnetization M, in equilibrium state (64,65). T is
defined as the time required after the radio frequency pulse for
the magnetization M, to reach 63% of the original magnetiza-
tion M, (Fig. 4).

Typical samples in magnetic resonance experiments are
large compared to single atoms or molecules, each with one
or several individual spins. All of these spins experience local
differences in the homogenecous main magnetic field By
caused by spin-spin interactions. Thus these effects will
affect transverse relaxation after the application of a radio-
frequency pulse. The transverse relaxation time (T5) 1s also
called spin-spin relaxation. The precessions of the spins are
slightly different among each other in an increasingly dis-
persed distribution, leading to a signal decay of Myy.

The spins are dephasing after the application of the radio
frequency pulse. The decay of the magnetization M,y is
given by Eq. 2:

L
My (1) = My 6( 72) (2)
with the initial transversal magnetization M,y o . T is de-

fined as the time duration until 63% of the transversal
magnetization is lost (Fig. 4).

1 -T? 1 O:T? 20;T? 30;T‘,, 40-T2
1.01

s |
=, tl.f?m1
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c 1
B X T T R —._ - M O
8 1\1 — T,-relaxation
E 0418 379, v Te-relaxatior:
g \
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T 2T, 3T 4T

1 1

relaxation time t

Fig. 4 Relaxation of the longitudinal and the transversal magnetization after the flipping of the net magnetization Mg with an angle of 90°%; M, relaxes back to

the net magnetization M. M, relaxes towards 0.
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Both, T, and T, relaxation processes are executed
independently and simultancously. At the field strengths
used in magnetic resonance imaging, the duration of the
T, relaxation process depends on the magnetic field
strength of Bj, whereas the T, relaxation process is
almost Bgindependent (21). The Ty relaxation process
rather depends the magnetic dipole-dipole interactions,
on the diffusion constant of the protons and on the field
inhomogeneities. In most cases, the Ty relaxation time
is shorter than the T; relaxation time. An imperfect
magnetic main field or high magnetic dipole moments
of e.g. superparamagnetic nanoparticles can cause mag-
netic inhomogeneities. Consequently, the observed
transverse relaxation time (To¥) is even shorter than
the natural Ty time caused by spin-spin interactions.

Impact of Magnetic Nanoparticles
on Nuclear Magnetic Resonance
Magnetic Dipole Moment

The magnetic moment #4 of a magnetic dipole in a given
magnetic field B follows a Langevin function, given by Eq. 3 (35):

[ = py - L(B) (3)

with the saturation of the magnetic moment P, and the
Langevin term given by Eq. 4:

:u’mtB kB T
L(B) = coth| —— | — 4
( ) €0t ( kBT > /”’salB ( )

The net magnetization can be estimated using the
number of magnetic dipoles inside a nanoparticle when
interactions between single dipoles are neglected.

The magnetic field generated by a magnetic dipole
moment is given by magnetostatics and is shown in
Fig. 2. The influence on the homogeneity of an external
main magnetic field and hence indirect the impact on
relaxation times are shown in Fig. 5 for both paramag-
netic (Fig. 5a and b) and ferromagnetic/superparamag-
netic nanoparticles (Fig. 5c¢c and d) with a total
magnetization M. The ferromagnetic/superparamagnetic
nanoparticle is fully aligned with the external field,
whereas the paramagnetic particle is only partially
aligned with the external field. Both Fig. 5b and d show
the field lines of the corresponding magnetic dipole mo-
ment of the magnetic particle and Fig. 5a and ¢ show the
distortion of the homogeneity of the external field By. It
can clearly be seen that the perturbation of the By field is
much higher for ferromagnetic/superparamagnetic par-
ticles than for paramagnetic particles. The colour scheme
indicates the degree of disturbance of the B, field.
Brighter areas indicate higher disturbances; darker areas

indicate weaker perturbation of the external magnetic
field. The degree of disturbance was normalized to the
corresponding maximum value (Fig. 5).

Fig. 5 The figure shows the magnetic field of a superparamagnetic (¢, d) dipole moment of single domain particle and of a paramagnetic (a, b) particle.
Shown are the magnetic field lines (a, €) and the contour lines of the magnitude of the magnetic field (b, d). M indicates the direction of the magnetization
vector and By the external homogenous magnetic field. The lighter shadings denote higher disturbances whereas the darker areas indicate lower
disturbances. Take note that the colour scheme is normalized to the corresponding maximum value so that both rows cannot be compared to absolute values.
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Paramagnetic Particles—Inner Sphere Relaxation

Gd*" and Mn?" ions are the most frequently used paramag-
netic ions for MRI contrast agents (43,66-68). Gd** has
seven and Mn®" has five unpaired electrons, which results in
large magnetic moments and in long electronic relaxation
times (69,70). The exchange interaction between the elec-
trons of the ions and the neighbouring protons becomes
larger than the dipolar interaction between them. Hence,
the T relaxation time of the protons will be shortened.
To obtain significant changes in proton relaxation and
therefore a good contrast, the paramagnetic ion needs to
be in close contact to the protons of the surrounding
water molecules. Due to this inner sphere relaxation, all
paramagnetic contrast agents consist of Gd** or Mn?"
chelates (Fig. 1b) and contain no metal core nor direct
surface coating (Fig. 1a). Although paramagnetic complexes
generate field inhomogeneities as well (Fig. 5a and b) their
influence on Ty relaxation time of the protons is usually
smaller than on T relaxation time.

Superparamagnetic Particles—Outer Sphere Relaxation

The field strength in commonly used MRI scanners is suffi-
clent to saturate the magnetization of superparamagnetic
particles. Hence, the orientations of all dipole moments of
the particles are aligned with the field. The only modulation
of the dipolar interaction between proton spin and the
dipole moment of the particle is the diffusion of water
protons adjacent to the particles (12,59). This effect 1s called
outer sphere relaxation. Due to the high susceptibility of
the superparamagnetic particles large local field inhomo-
geneities are generated (Fig. 5c¢ and d). This leads to
large local field gradients, which accelerate the dephasing
of the proton spins. A strong reduction of Ty relaxation
time and a relative small influence on T, relaxation time
are the consequences (71). Iron oxides are widely used as
superparamagnetic contrast agents due to their strong
magnetic properties in medical imaging (8,24,43,59).

Relaxivity and Relaxation Rate of Magnetic Particles

Relaxivity (r), ro) measures the ability of any kind of mag-
netic particles to influence either longitudinal relaxation
time T (r;) or transverse relaxation time T (ro) or both of
the surrounding water proton spins. It is measured m vitro
and represents the relaxation enhancement of water protons
by the contrast agent at a 1 mM concentration (44).
Relaxivity of a compound depends mainly on the type
of tissue, the material of the particle and the magnitude
of the main magnetic field By. Usually, relaxivity is given
in mM™'-s”". Transverse relaxivity of superparamagnetic

nanoparticles can be as high as 148 mM '-s™' for
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Feridex, a commercially available MRI contrast agent
(67), whereas longitudinal relaxivity is far below
30 mM 's7! (59). The longitudinal relaxivity of manga-
nese oxide based paramagnetic agents determined in 1%
agarose gel is in the range of 10-20 mM ™ '-s™' (67).
Hence, relaxivity can be used to characterize contrast
agents in magnetic resonance imaging for the study of
specific tissue areas or simply to achieve a better image
quality. In diagnostic magnetic resonance applications,
relaxivity is measured to gain information about the linkage
between functionalized nanoparticles and biological ma-
terial. The relaxation rates R; and Ry are quantities,
which are derived from the relaxivity for longitudinal
(T1) and transverse (T') relaxation. Relaxation rates are the
reciprocals of the corresponding relaxation time. In many
cases the relation between concentration of the contrast agent,
the relaxivity and thus the change in relaxation time is linear
(72,73) as follows:
1

Rli?IO(ﬁXf (5)

Ry = % X719 X ¢ (6)

The relaxation rates are influenced by the diffusion
velocity of protons and hence by the molecule structure.
Fat, as an example, has a larger molecule structure than
water and thus a slower diffusion velocity than water.
This results in a larger relaxation rate and thus in a
shorter relaxation time. The introduction of relaxivites
and relaxation rates allows the characterization of different
agents in regard with their increase of contrast in magnetic
resonance imaging.

MEDICAL AND BIOLOGICAL APPLICATIONS
Magnetic Resonance Imaging

In the early seventies of the last century, Lauterbur and
Mansfield showed that NMR can be made spatially selective
(74,75). If we apply a magnetic field gradient in one of the
spatial domains, we measure a NMR signal, having a
frequency distribution proportional to this gradient.
Magnetic field gradients can be applied in three direc-
tions offering three-dimensional spatial information. As a
result, NMR shows the spatial distribution of 'H signals
(i.e. water molecules) in an object. In addition, it is
possible to create NMR images by applying special
NMR pulse sequences having an image contrast according
to different relaxation times but also with respect to other
physical and chemical parameters, like blood flow, diffusion



Magnetic Nanoparticles in Imaging and Diagnostics

1173

constants or even different metabolites. An NMR pulse
sequence consists of a defined number of radio frequency
pulses in an exactly defined time schedule. These radio
frequency pulses can vary in their time duration, their
number of repetitions and the pauses between them. The
images obtained with NMR pulse sequences show differences
depending on their weighting (T'-weighted or Ts-weighted).
Therefore, it is possible to apply NMR pulse sequences, in
which tissue with a long T} and T}, relaxation time appears
dark in T;-weighted images and bright in Ty-weighted
images. In contrast, tissue with a short T} relaxation time
and a long T relaxation time, like fat, appears bright in the
T -weighted images and grey in the To-weighted image.

Gadolinium based contrast agents lead to a reduction in
T, relaxation time and therefore to a positive (brighter)
contrast in T'-weighted images (Fig. 6) (76). Contrast agents
based on iron oxides shorten the T’y relaxation time and thus
appear hypointense in To-weighted images (Fig. 7a and b)
(77).

Besides the development of new contrast agents, research
1s also carried out to improve the MRI acquisition methods.
For the detection of SPIOs spin-echo (SE) pulse sequences
and Ty*-weighted gradient echo (GRE) pulse sequences
have been traditionally used (24). These are modified now
by employing a steady-state acquisition (FIESTA) or even
pulse sequences like fluid attenuated inversion-recovery
(FLAIR). The FLAIR sequence was until now used for
T -weighted images and not for Ty-weighted acquisition
(48). These new sequences are classified as selective radio
frequency pulse methods, dephased methods, and off-
resonance methods. In addition, post-processing methods
are being developed (48). All these efforts aim for better
image contrast and shorter acquisition time.

Cellular and Molecular Imaging

Weissleder et al. investigated the visualisation of migrating
cells like lymphocytes, monocytes and embryonic stem cells

Fig. 6 Time-resolved MRl of Gd
(DOTA) passage through the rat
kidney; The images presented
show the difference images of I(t)-I
(pre). I(t) represents the image
recorded at time t and I(pre) the
image recorded 0.3 min before the
administration of Gd(DOTA). High

loaded with MNPs via MRI (78). They found that the
relaxation rate Ry increased upon internalisation of the
MNPs by the cells compared to MNPs free in solution. As
an example, we performed NMR experiments using a NMR
spectrometer (Avance 250, Bruker, Karlsruhe, Germany) to
determine the T, relaxation time of cells loaded with SPIOs.
K562 cells were loaded with iron oxide magnetic nano-
particles (size 100 nm) with a silica coating and functional-
ized with streptavidin (SiMag-Streptavidin, chemicell
GmbH, Berlin, Germany). The transverse relaxivity of the
particles was calculated as the slope of the curves from R,
against the iron concentration. Its value out of 4 replicates
was 6.068 mM 's™! (correlation: 0.96558) at 5.8 T. Cells
were cultured at 37°C, 10% CO, atmosphere with Dul-
becco’s modified Eagle Medium (Biochrom AG, Berlin,
Germany) supplemented with 5% fetal calf serum and
penicillin-streptomycin (Biochrom AG, Berlin, Germany).
They were loaded over night with 20 pg iron per cell.
Suspensions of the particles were given directly into the
cell culture medium. The incorporation of the particles
was verified by transferring the cells into cell culture
dishes and, subsequently, observing the cells’ movement
in a known magnetic field gradient using an inverted
light microscope (Zeiss Axiovert 200, Carl Zeiss Jena
GmbH, Jena, Germany) (79). 200 pl of the labelled cell
suspension were transferred to 5 mm NMR tubes and
each measurement was done in four replicates.

Ty values were obtained after calibration from 15 data
points generated with Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence. Quantitative data is represented as meant
standard deviation in Table I.

The data in Table I shows that cells loaded with nano-
particles lead to a different signal loss in To-weighted MR
images compared to particles, which are not incorporated
in cells. The same effect was also proofed for ultra-small
SPIOs (USPIO). These particles, as well, showed in their
intracellular location a more pronounced signal altering
effect than being freely in solution (80).

Gd(DOTA)

intensity in the images reflect high
concentration of Gd(DOTA). The
passage of the contrast agent from
the renal cortex to the outer
medulla and finally to the inner
medulla can clearly be seen.

Reprinted with permission from ' L T

(7). 07 08 0.9
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This signal altering effect can be successfully used to
track cells i viwo using high-resolution MRI. Besides this
feature, the particles used were not only magnetic but
also fluorescent and additionally had a radiotracer, which
made positron emission tomography (PET) possible. After
intravenous injection into mice, these cells were visualized
by MRI, retrieved from excised tissues using magnetic
separation techniques and were still able to differentiate.
In stem cell-based therapies this aspect is important for
the analysis of site-specific effects on stem cell differentiation.
Other stem cells have been loaded as well like mesenchymal
stem cells and embryonic stem cells (24). Their migration
could be followed in animal models for up to 3 weeks.

As another example, in a MRI study at 11.7 T field
strength human mesenchymal stem cells were loaded with
superparamagnetic iron oxide particles. The cells were
incorporated in hydrogel at different concentrations. The
presence of the magnetically labelled stem cells were
visualized by distinct hypointense spots in the MR images
(Fig. 7c) (81). This effect is also clearly visible for i vivo
MRI applications.

Taking advantage of the phagocytosis of ultra-small
SPIO by macrophages, inflammatory and degenerative
diseases can be visualized using MRI (24). After their
administration SPIOs are internalized by macrophages,
which are attracted to their place of action due to inflamma-
tion responses. Hence, focal ischaemic lesions in the cardio-
vascular system (4 1), atherosclerosis (26), multiple sclerosis, as
well as all kinds of infections can be imaged indirectly by
visualizing macrophages loaded with ultra-small SPIO.
Additionally, the imaging of transplant rejection and
myocarditis can be visualized due to internalization of
MNPs by macrophages (19). Since macrophages are

a b

accumulated in the lymph nodes, millimetre sized metastases
in the lymph nodes can be revealed by MRI before the lymph
node enlarges (41). But not just cardiovascular diseases can be
monitored using SPIO and MRI, also imaging in the central
nervous system can be improved (60).

Molecular imaging is also investigated using Gd-
complexes, which are conjugated to enzymes, other proteins
or DNA and uptaken by cells via endocytosis (44). Upon
internalization the relaxivity of the Gd-complexes changes.
With this difference the presence of ligands or other
enzymes can be detected.

Also specific biomarkers known from the field of oncolo-
gy, like HER2 (Human Epidermal growth factor Receptor
2) or VEGF (Vascular Endothelial Growth Factor) can be
targeted by the magnetic particles and visualized (48,82). In
case of the detection of cardiovascular diseases the Vascular
Cell Adhesion Molecule-1 (VCAM-1) has also been moni-
tored (26). Early lesions in atherosclerosis were detected in
young mice as well as excised human carotid artery plaques
(41). To even detect intracellular markers, like the nuclear
marker Ki-67 or the cytoplasmic cytokeratin, and other
mediators of cell activation, like p53 or EGFR, this
approach was also successfully used on semipermeabilised
cells ex vivo (83).

Diagnostic Magnetic Resonance

Another aspect of SPIOs was elucidated over 20 years ago.
It was found that the huge pool of ferritin in organs, like
liver and spleen, contributes to a signal loss in MRI, which
was not explicable with the known relaxation theories (12).
It was found that for the same amount of magnetized
material, the change of the R, value is greater, when fewer

c cells/ml gel
0.5 x 10° unlabelled cells
0.5 x 10° VSOP-labelled cells "

1 % 10° unlabelled cells

1 x 105 VSOP-labelled cells
cellagen hydrogels
with VSOP-labelled

1.3 x 10° unlabelled cells hiSCs

1.3 x 10° VSOP-labelled celis

Fig. 7 Examples of MR images using iron oxide based contrast agents: (a, b) Stem cells labelled with very small superparamagnetic iron oxide particles
were transplanted into a rat brain. (@) 3D-volume rendering of the stem cells (red) in the brain; part of the skull and jaw bones are illustrated for orientation;
(b) 2D gradient echo MR image through the brain with the cells being observed as dark area. (a, b) reprinted with permission from (77). (c) MR images of
human mesenchymal stem cells in collagen type | hydrogels. Magnetically labelled stem cells showed a signal decrease due to iron particles, present as dark
spots. Control collagen gels with unlabeled cells showed a homogeneous appearance without dark spots. The MRI method was a rapid gradient echo with a
nominal spatial resolution of 78 um and an echo time of 20 ms. (c) is reprinted with permission from (81).
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Table I T, Relaxation Times for Streptavidin Particles in Buffer, K562 Cells
and K562 Cells Loaded With Streptavidin Particles (20 pg Fe/cell)

T, in ms
streptavidin particles 100 nm in buffer® 17.60+0.81
K562 cells 435.83%=113.87
K562 loaded with streptavidin particles 100 nm 268.88 = 18.53

“ Particles were measured with the same concentration as it was used to
load the cells

but larger particles are present, compared to more but
smaller particles. Therefore, the secular contribution to Ry
was introduced in addition. R; always decreases towards
zero with high external fields applied, whereas Ry disperses
to a non-zero value, which is field-independent. This value,
the secular contribution, is usually 20% of its low field limit,
but its precise value depends on the relaxation mechanism.
This non-dispersive term results from fluctuations of the
internal magnetic field caused by MNPs for example parallel
to the external static field By. These fluctuations cause phase
shifts in the Larmor precession of the magnetization of the
proton ensemble. If they have a random component, they
contribute to Ry. All other contributions to R; and R, are
nonsecular and result from fluctuations of components of the
local field within the transverse plane (12).

Muller et al. examined the influence on Ry relaxivity
when particles are aggregating (84). For an agglomeration
of the MINPs a decrease of 25% in the transverse decay rate
was observed over 30 min. If the sample was removed from
the magnet and then reinserted, the relaxation rate returned
to its initial value to decrease again with time (Fig. 8a).
Therefore, the property of SPIOs as contrast agents to
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shorten the magnetic relaxation of water protons can be
improved due to aggregation (Fig. 8b).

When the agglomeration of SPIO cores occurs, the effect
on the transverse relaxation of the water protons is en-
hanced, because of an increase of the secular part of the
transverse relaxivity (85).

The effects appearing after the aggregation of the SPIO
are two-fold: first, there are those related to the structure of
the cluster and to the magnetic field distribution around it
(Ty and To*); second, there are those limited to the inner
part of the cluster (T)). In contrast to Ty, clustering of the
SPIO does not shorten 1.

First, the clustering of MNPs is increasing the transverse
relaxation time, but second another benefit can be taken out
of the induced clustering of MNPs due to static magnetic
fields: No static magnetic field is necessary for the detection
of concentrations of targets above 1 nM.

To detect small antigen concentrations below 1 nM the
number of MNPs in solution also has to be decreased for
clustering formation, thus the particles® colliding rate
decreases as well. The probability of recognition of antigens
by grafted receptors on MNPs is proportional to their
colliding rate. To increase this rate, a homogeneous
magnetic field (20 mT to 60 mT) can be applied. In this
case it is energetically favourable for the particles to self-
assemble into chains. Thus, the probability recognition
rate between grafted receptors and their ligands is in-
creased. A concentration threshold of antigen as low as
1 pM was detected (86).

A new detection method was developed based on three
phenomena: the decrease in Ry relaxation rate of water
protons, when MNPs are clustering, the low detection
threshold for protein interactions due to the magnetic

l 400- :‘

aggregated
300
g . )
= 2001 o,
e S o’
E < dispersed
100
0 L T T T T T T
0 5 10 15 20 25 30

—

t/min

Fig. 8 Principles of diagnostic magnetic resonance; (A) When dispersed magnetic particles (a) are exposed to an external magnetic, field their magnetic
moments will align (b). With time, the particles will form aggregates (c), which will disperse again due to thermal motion (a) and loss of magnetisation (d) if
the magnetic field is removed. Reprinted with permission from (101). (B) Behaviour of magnetic nanoparticles, NP (white squares, 30 nm size), and
micrometer sized particles, MP (black dots, 1000 nm size), in a homogeneous magnetic field (0.47 T). White areas indicate that no field was applied. The T,
value for MP increased when the field was applied. Reprinted with permission from (90).
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induced clustering of MNP, and the independence of T to
the clustering of the MNPs (87). In this approach MNPs are
called magnetic relaxation switches and are used to detect
DNA and proteins down to the femtomolar level even in
unpurified samples. By using this method not only DNA and
proteins, but bacteria, viruses or even specific cells like
tumour cells can be detected (87-92).

We used the biotin-streptavidin system to further investi-
gate this approach. Magnetic nanoparticles with coupled
streptavidin with a diameter of 100 nm were used (SiMag-
Streptavidin, chemicell GmbH, Berlin, Germany). Ty values
were obtained using the same setup as for the cellular
measurements mentioned before. Ty was measured with
the particles diluted 1:200 in phosphate buffered saline
(PBS) containing 0.1 mg/ml BSA and 0.1% BSA, after
incubation with 16 uM biotin, and with biotin bound to
agarose beads and unconjugated agarose beads (both
obtained from Vector Laboratories, Burlingame, USA).
200 pl of the suspensions were transferred to 5 mm NMR
tubes each and the concentration of the particles was always
kept the same. Each measurement was done in 4 replicates
and quantitative data are represented as mean * standard
deviation in Table II.

As one can see in Table II, Ty relaxation times differ,
whether biotin is bound to the streptavidin particles or not.
To vary the size of the target in this experiment, biotin was
one time unbound and the other time bound to agarose
beads. We could not see a difference in the measured Ty
relaxation time. However, others have shown that besides
the size of MINPs also the size and valency of the target is
crucial for the detection limit of the method (91). They
investigated two sizes of particles with variable target ana-
lytes (the valencies and the sizes were different) under the
use of a single molecular recognition system. For small
MNPs (30 nm) the sensitivity improved using a bigger target
and a higher valency of the target, whereas bigger MNPs
(1 pm) were more sensitive to small and low valency targets.
Small MNPs show a decrease in Ty upon aggregation,
whereas bigger MNPs show an increase in Th.

Next to the fact that high concentrations of the analyte
will saturate the receptors and prevent further crosslinking
and reduce the sensitivity, the aspect of the valency of the

particles has also to be carefully considered. If the agglomer-
ates get to big, this could also lead to their precipitation (89).

To take advantage of the phenomenon of the magnetic
relaxation switches, particles with an improved T’ relaxivity
and diagnostic magnetic resonance devices (DMR) are be-
ing developed.

The first device for point of care diagnostics using DMR
was developed in the group of R. Weissleder (93). Consisting
of permanent magnets with By up to 0.5 T (21.3 MHz) and a
pNMR chip containing a 2X4 planar micro coil array on a
glass substrate, 8 multiplexed measurements of 5—10 pl sam-
ples were possible. Its detection limit was 1 pM, similar to the
detection method of Baudry ef a/, who used optical measure-
ments for the determination of the target protein concentra-
tion (86). They further improved the device by reducing the
sample volume to 1 pl, so that the SNR would be higher (94).
Furthermore, they built in an automated feedback system to
track and compensate for temperature drift, and used a mo-
bile device to facilitate the control of the system and to share
the data over wireless networks (95). The detection limit for
cells was reduced to 2 cells / 1 pl. To reduce the risk of false
positive results they decreased the incubation time from
30 min to 5 min. With this it is possible to obtain results in
less than 60 min. The first application on human tumour
samples was very promising. An accuracy of 96% compared
to standard of care procedures was achieved (96).

CONLCUSIONS

Superparamagnetic iron oxide particles are fairly easy to
make and provide the basis for various applications. Due to
their magnetic behaviour they proof to be excellent contrast
agents and efforts are taken to improve their target specific-
ity. With their help it is possible to detect diseases like
inflammatory diseases (cardiovascular diseases, multiple
sclerosis, atherosclerosis or infections) or cancer in an earlier
stage or to monitor their development. Nevertheless, their
synthesis and their functionalization are still under
investigation.

The design objectives for the next generation of MR con-
trast agents will also include their prolonging intravascular

Table Il T2 Relaxation
Times Measured for Different
Biotin-Streptavidin Setups
Displayed in ms

Biotin bound to
agarose beads

206.45+37.74

agarose beads

172.87 +55.78 23.83+2.09
16 UM Biotin
73.4+11.79 17.07+1.75

Biotin bound to agarose beads with streptavidin particles

17.65+0.83

Streptavidin particles
in buffer

24.29 £8.65

agarose beads incubated with streptavidin particles

[6 uM Biotin incubated with streptavidin particles
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retention, improved tissue targeting, as well as the combina-
tion with different imaging modalities. To combine these
different imaging methods such as MRI and PET, new
particles made up of SPIOs conjugated with radioactive
tracers are developed (Fig. 1) (97). But also the combi-
nation of magnetic nanoparticles with fluorescent dyes or
both, fluorescent dyes and radioactive tracers are under
investigation (98).

Due to their magnetic properties SPIOs can also be used
for targeted drug delivery systems by loading them with the
necessary drug and guiding them to the point of interest
using external magnetic fields (99). Selective targeting due to
their clearance in spleen and liver has also been reported
(100). The SPIOs are loaded with a drug for chemotherapy
and MRI visualizes their presence in the liver.

With all their advantages and benefits the possible
toxicity of magnetic nanoparticles should not be
neglected and each particle type needs to be scrutinized
for its biocompability.

However, not just the particle itself is under investigation
but also the MRI acquisition methods. They are modified to
differentiate between the signal loss due to air bubbles or
due to SPIOs or even new methods are developed to
improve the image contrasts provided by SPIOs (48).

Besides their application in MRI, a new imaging method
using magnetic particles has been developed. Magnetic
particle imaging (MPI) relies on the nonlinear magneti-
zation response of superparamagnetic nanoparticles to
generate a tomographic image (9). This new imaging
method is characterized by both high spatial resolution
and high sensitivity. Here, the combination of MRI and
MPI in one instrument is also envisioned.

The improvement of detection limits of SPIOs is neces-
sary to pave the way for newly designed SPIOs into clinical
application. SPIOs have gained interest due to their ability
to give diagnostic information and being able to deliver
therapeutics at the same time. Nevertheless, the reproduc-
ible synthesis of SPIOs and a better understanding of the
influence of the polymeric coating of a SPIO on its magnetic
properties are goals, which still have to be fulfilled. This
1ssue should be kept in mind for the development of the next
generation of SPIOs for MRI.
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