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Abstract

Magnetic Resonance Imaging (MRI) is a non-invasive imaging modality that
offers both anatomical and functional information. Intrinsic longitudinal and trans-
verse relaxation times (T; and T, respectively) provide tools to manipulate image
contrast. Additional control is yielded when paramagnetic and magnetic particulate
materials are used as contrast materials. Superparamagnetic particles are mostly
synthesized from iron oxide and are usually coated with polymers and functional
particles to offer multifunctional biomedical applications. The latter include not
only MRI but also cancer treatment through drug delivery and hyperthermia. This
Chapter reviews the fundamental dipole-dipole diamagnetic proton relaxation
mechanism dominant in water followed by a brief description of the use of gado-
linium complexes as MRI contrast agent. Finally, a description of the important
chemical and physical properties of magnetic nanoparticle (MNP) that define their
use as MRI relaxation enhancing agents especially for T,. The main governing
models are described for the different motional regimes with few simulation results
demonstrating the applicability of the given equations.

Keywords: MRI, contrast agent, nanoparticle, magnetic moment, relaxation, T, T5,
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1. Introduction

Relaxation in Nuclear Magnetic Resonance (NMR) Spectroscopy or more rele-
vant to this Chapter Magnetic Resonance Imaging (MRI) plays a pivotal role in the
selection of experimental parameters and indeed in the image contrast. The
emphasis in MRI is on longitudinal (spin-lattice) and transverse (spin—spin) relax-
ation times (T; and T, respectively). The advent in technology and the spread of
higher field strength magnets made available a wealth of imaging pulse sequences
that rely on the manipulation of T, and T, weighting to produce different diagnostic
information. Early quantification of relaxation times in biological tissues hoped to
find consistent differences in their values between malignant tumors and normal
tissues [1]. This was based on the different abilities of water to move and sample
different structural environments present due to the development of cancer. It was
argued then that water content is larger in cancerous cells and water molecules are
more loosely connected, however, alternative interpretations soon emerged.
Nowadays various human tissues exhibit different relaxation times and it is these
differences that are utilized in the wealth of experimental imaging sequences to
produce different image contrast and details.
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A brief introduction of MRI relaxation is given below which includes the
phenomenological description, the mechanism responsible for relaxation as modu-
lated by molecular motions before describing in more details relaxation enhance-
ment by paramagnetic complexes. This leads the way to our main topic which
is the enhancement of relaxation caused by the presence of magnetic
nanoparticles (MNP).

2. Phenomenological equations of relaxation

NMR relaxation is the process by which magnetic spins return to their thermal
equilibrium (Boltzmann distribution) state prior to a disturbance which is usually
caused by the absorption of energy in the form of a radio frequency (RF) pulse or
when the spin system is placed in a uniform magnetic field [2]. The spins return to
their preferential alignment along the direction of the static magnetic field (By)
by exchanging energy with the surrounding thermal reservoir, also known as the
lattice. The latter can include spins that are physically located in the same molecule
(e.g. the two hydrogen atoms in a water molecule), neighboring molecules, or
solvent molecules. This process is known as spin-lattice, longitudinal or T;
relaxation which reestablishes the state of spin polarization characterized by a net
magnetization (Mj). The net magnetization depends on the strength of the
magnetic field (By), nuclear spin (I), the gyromagnetic ratio (y), and inversely on
temperature. For a spin half (I = %2) system T relaxation reduces the energy of the
system because spins undergo a quantum transition from the high energy level to
the lower one with energy difference given by the fundamental equation

yhBo

AE = hwo 27 = (1)

Wy = leo (2)

The Larmor frequency (wy) is the frequency of the quantized released electro-
magnetic energy, and % is Planck’s constant. Both T; relaxation and the RF excita-
tion involve the same frequency given above. The phenomenological equation
describing the growth of the longitudinal magnetization M, from the initial value
M, (0) is a first order process given by (in the rotating frame)

M, (Mo —M,)
dr B T4 3)

with solution
M, (t) = M.(0)exp (—t/T1) + Mo(1 — exp (—t/T1)) (4)

For liquids at room temperatures the protons relaxation times are in the range
0.1-10 s.

If the RF excitation pulse produces 90° nutation of the longitudinal magnetiza-
tion, then phase coherence is established between the spins and all of them point in
one direction yielding transverse magnetization M. The lifetime of this non-zero
magnetization component is characterized by a time constant referred to as spin-
spin or T, relaxation time. Immediately after the end of the RF pulse the spins start
interacting with their neighbors by exchanging energy in non-dissipative manner,



Magnetic Nanoparticles as MRI Contrast Agents
DOI: hitp://dx.doi.ovg/10.5772 /intechopen.84649

unlike T, without net transfer to the lattice (in fact relaxation occurs during the RF
pulse as well but we assume that the RF pulse duration is much shorter than T,
relaxation). The coherence established by the RF pulse starts diminishing and the
spins develop phase difference between them in the xy-plane. T, relaxation is
related to T; relaxation since an increase in the longitudinal magnetization is not
possible without a decrease in the transverse component, therefore, T, < T;. For
small molecules and large water pools that can approach bulk water T, values are in
the range 10 ms-10 s. For solids it can be much shorter.

The phenomenological description for the transverse relaxation can also be
described by a first order equation (in the rotating frame)

dM,, M,,
da B T, (5)
leading to a solution
Mx;v (t) = Mx;v(o) exp (—t/T>) (6)

This single exponential solution applies well for weak or non-interacting spins.
For protons decaying in biological environments containing restrictions and mole-
cules of various sizes the decay is non-exponential but often better described by a
two exponential model reflecting compartments and exchange processes. The decay
in ice is better described by a Gaussian rather than exponential process [2].

3. Relaxation mechanisms and molecular motion

Transitions between energy states, whether excitation or relaxation, are caused
by oscillating magnetic fields. For resonance absorption conditions, the perturbing
magnetic fields have to be oscillating at the Larmor frequency (w(). Other mecha-
nisms at producing magnetic fields not only at wo but also at zero and double the
frequency (2w() will also be effective. This can be explained using arguments
similar to Doppler effect [3] or more rigorously using quantum mechanics selection
rules [2]. These fluctuations are produced mainly by molecular motion of the
neighboring spins and by electronic excitations of paramagnetic atoms. Molecular

motion modulated field fluctuations (Eﬂmmt,-ng) are dependent on the size of the
nuclear spin, the environment and the presence of macromolecules, and tempera-
ture. One of the most important mechanisms is dipole—dipole interaction with a
strength proportional to (u/r°) where y is the magnetic moment and 7 is the distance
between the two spins. This interaction contributes significantly to Ty and T
relaxation through a distribution of molecular motional frequencies which is
introduced next.

Molecules change their state of motion (typically within an average correlation
time tc ~ 107*-10"* s for non-viscous fluids) due to interactions or collisions with
neighboring molecules. For example, z¢ = 3.5 x 10~ ** s for liquid water at 20° C,
while it increases significantly beyond this range for solids such as ice where
7c = 2.0 x 10 ° 5. The frequencies describing water’s state of motion will span the
range 0-10"* Hz and, therefore, microscopic magnetic fields will be fluctuating at
all these frequencies. The effect of these magnetic fields will be analogous to that of
the RF pulse used in the excitation through the associated torque. Simple analysis of
the cross-product equation for the torque experienced by the magnetization in

the rotating frame (gﬂmmmng x M )ror sShows clearly that fluctuating magnetic field
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components along the x- and y-directions (i.e. high frequency components since
static components in the rotating frame are actually time varying in the laboratory
frame) affect both T; and T, relaxation. Components along the z-direction, how-
ever, contribute to changing transverse magnetization, i.e. T, processes only [4].
This is so since longitudinal field component that is static in the rotating frame is
also static in the laboratory frame. These are process involve zero frequency change
i.e. no net energy transfer.

When looking at the average or ensemble of molecular motion where molecules
can be moving with a range of frequencies, we also need to consider the strength or
equivalently the Fourier component of the motion at each particular frequency. The
correlation time (z¢) plays the role of phase memory time for which a molecule
“remembers” its state of motion in a similar fashion to the role of T, relaxation time.
The Fourier transform of the Free Induction Decay (FID) NMR signal or the decay
of the transverse magnetization yields the NMR Spectrum i.e. the strength of the
magnetization at a particular frequency. This leads, in a more quantitative manner,
to a simple assumption about the autocorrelation function K(t) of each magnetic
field component as being a single exponential function with a time constant z¢.

[5, 6] This can be derived by considering averaging over time the product of
magnetic variations (< AB;(t) AB;(t) >) experienced by hydrogen two atoms as they
experience tumbling rotations in the same water molecule. This motion produces
variations in the angle joining the two atoms with respect to the applied field while
the inter-atomic distance does not change. Assuming that the molecules are almost
spherical that undergo isotropic tumbling simplifies the analysis considerably.

For a system of short 7¢ then the fast decaying K(7) tells that molecules lose their
memory of relative position to neighboring molecules quickly. The change in
molecular position will be reflected in the variation of the magnetic fields both
spatially and temporarily. We can consider rotational tumbling (i.e. molecular
rotations enhanced by collisions or tumbling of molecules against each other and
hence 7 is the rotational correlation time) as caused by random motion. Solving the
diffusion problem for a randomly rotating molecule starting from Fick’s law of
diffusion in spherical coordinates and introducing spherical harmonics
(e.g. Yo =7 3(1—3cos?9); Y1 = r 3sindcosd exp (ip); Y, = v~ sin?9 exp (2ig)) for
dipolar coupling (y*3(3 cos?9 — 1)) yields the exponential autocorrelation
function [6].

K(z) = K(0) exp (—|7|/7c) )

Fourier theory tells that the power at frequency o, i.e. the spectral density
function, is given by the Lorentzian function as follows (using a constant C)

~ Crzc
1~I—a)212C

J(@) (8)

J(w) indicates the fraction of molecules interacting or relaxing at frequency ()
while the constant C reflects the strength of interaction between the molecule and
the lattice at frequency (w) and is related to the mean square value of the fluctuat-
ing magnetic fields and their characteristics. For example, although the dipolar
fields are the most important in inducing relaxation, they are obviously not
completely random which affect the assumption ( < B> = < B}2,> = <B?> = <B%).

The spectral density function for different values of the correlation time z¢ is
shown below in Figure 1. For T4, the height of each curve indicates the strength of
coupling between the spin and the lattice at that particular frequency, and hence the
efficiency of relaxation.
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Figure 1.
The spectral density function for different values of the correlation time tc.

For identical spins the complete rotational relaxation rates (1/T; and 1/T5)
induced by fluctuations at all three frequencies mentioned above (i.e. 0, wg, and
also 2w where the two spins flip together) [7, 8] are given by

Til 130 (ﬂf,) 4,:2h:6 (J(@o) + 4] (2wo)) 9
2
132) <Z;> 4i2h 76 (1 :;OTC 1;25)0%) (10)
Tiz = % (%)2 L;h :6 (3/(0) + 5 (@o) + 2] (2w0)) (11)
Y (e )

Different expressions are generated when considering translational motion
involved in intermolecular motion with different values for the correlation times
(z¢) for both dipolar interactions and other mechanisms such as Quadrupole Relax-
ation, Scalar Relaxation, or Chemical Anisotropy. The equations provide asymptotic
behavior for certain values of the important characteristic motional quantity (wo7c¢)

which will be discussed later and the importance of the value (a)o ~ %) will be

highlighted. The gyromagnetic ration (y) points to the importance of using para-
magnetic atoms (such as gadolinium and magnesium) in enhancing relaxation
where the value of the electron’s gyromagnetic ratio is larger than that for hydrogen
by 658 times.

For example, for non-viscous liquids where the condition wy 7c <1 holds (i.e. 7¢
is very small and the motion is very fast), both relaxation rates R; and R, (Ry = 1/T})
are equal and are given by (for equal spin I)

2r*h?

Ri=R = 472 y6

I(I+ 1) (13)
This regime is known as the motional averaging or extreme narrowing where

relaxation is frequency independent. A brief introduction of relaxation enhance-

ment due to the presence of paramagnetic atoms is given next in order to approach
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the topic of magnetic nanoparticles. The term used to describe the efficacy of CA
complexes in enhancing relaxation is “relaxivity” which is defined as the relaxation
rate per unit concentration of CA.

4. Proton’s relaxation due to paramagnetic complexes

The use of paramagnetic centers to reduce MRI relaxation times was first
reported by Bloch in 1948 [9] and has been reviewed by many workers [10, 11]. We
therefore only touch upon it briefly here in order to prepare the ground for the
subject of magnetic nanoparticles as MRI contrast agents (CA). The most widely
used paramagnetic atom is Gd (IIT) with its large magnetic moment (due to the
seven umpired electrons), and relatively slow electronic relaxation rate, i.e. compa-
rable to wo. Relaxation due to the fluctuating magnetic fields of these electronic
spins through the dipole — dipole interaction can be classified into inner- and outer-
sphere relaxation mechanisms. Solvent molecules (mostly water) can be bound to
the paramagnetic compound in the first or second coordination sphere (directly or
indirectly through other groups, respectively). These bound water protons can
exchange with other water molecules and transfer the enhanced relaxation to
protons from the bulk water. Factors that influence this intramolecular interaction
mechanism (i.e. inner-sphere) are the rotational correlation time for the water
molecule (7z) which is dependent on the rotational diffusion coefficient 7zg=1/6Dy),
the electronic spin relaxation time T, and T., and the water residence correlation
time 7, (the reciprocal of the exchange rate).

For intermolecular or outer-sphere interactions then translational diffusion in
the vicinity of the paramagnetic ion plays a critical role. This mechanism will
dominate T relaxation when discussing magnetic nanoparticles later on over that of
the inner sphere. We note that the dipole-dipole interaction strength decays very
fast as 1/7° Eq. (13). In view of the above and based on some assumptions the
expressions for T; and T in the above equations have been modified [12] to pro-
duce the Solomon-Bloembergen-Morgan (SBM) theory for relaxation. The expres-
sions are complicated, however, and special cases can be considered where the
picture is simplified. For example, if exchange rate is either very fast or very slow
then averaging relaxation rates between the bound proton pool and the bulk water
protons becomes efficient or not, respectively. The former then produces one
overall relaxation rate while the latter is a sum of two rates [2]. The resonant-like
increase in relaxation rate seen before when wo7¢ ~ 1 is also present when the
overall correlation rate 1/7¢ approaches the Larmor frequency. This rate is now
given by

1 1 1 1

= == 4= 4= (14)

C TR Tm Te

7,, 1s the residence correlation time, and 7, is the electronic relaxation time,

either Ty or T.. The above discussion of paramagnetic relaxation enhancement
clearly shows that there are many parameters that can be adjusted in order to adjust
the inner-sphere relaxation process more than the outer-sphere one. Although, in
general, both inner- and outer-processes contribute equally to overall proton relax-
ation, factors such as residence correlation time 7,,, hydration number, and the
distance of closest approach (the smallest distance between water proton and the
paramagnetic atom) can affect more the inner-sphere relaxation process. These
parameters can be adjusted during the design and synthesis stages of the new
contrast agent complexes in order to increase the efficiency of relaxation
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enhancement. For example, linking multiple Gd complexes together increases the
molecular weight, hence reducing mobility and increasing rotational correlation
time. Furthermore, it will increase the dipole-dipole interaction by having more
paramagnetic centers. The dependence of these parameters on the applied magnetic
field is also important in determining the relaxivity of these complexes [13]. We will
next describe relaxation enhancement due to MNP.

5. Magnetic nanoparticles (MNP)

Nanoparticles (NP) are materials that exhibit a size (largest dimension) in the
range 1to 100 nanometers (nm) and usually contain from several hundreds to 10°
atoms. Recent advances in material synthesis science have enabled engineers and
scientist to control the size, structure, and morphology of NP to high precision in
the nano-scale where the classic laws of physics are different from that at the bulk
scale. As the size of the particle decreases, the ratio of the surface area to the volume
of the particle increases. For nanoparticles, this ratio becomes significantly large
causing a large portion of the atoms to reside on the surface compared to those in
the core of the particle. For example, for a particle of 1 pm in diameter, nearly 0.15%
of its atoms are on the surface, while for a particle of 6 nm in diameter nearly 20%
of its atoms are on the surface [14].

Magnetic materials are those materials that show a response to an applied mag-
netic field. The range of applications for this type of particles is very large and still
increasing as synthesis methods improve further to control the size, size distribu-
tion, stoichiometry and the surface structure of NP. Applications include biomedi-
cal [15, 16], magnetic hyperthermia [17, 18], drug and peptide delivery systems and
in the diagnosis and treatment of diseases [19, 20], magnetic fluids [20], water
treatment [21], magnetic information and energy storage [22]. The application of
magnetic nanoparticles also highly depends on the stability of the particles particu-
larly for biomedical applications as efforts continue to protect the particles against
oxidization and corrosion. Some of these challenges can be resolved by modifying
the surface of the particle by coating with organic or inorganic materials such as
starch, dextran or polyethylene glycol (PEG) [23, 24]. In addition to particles
synthesized out of iron oxides, natural magnetized particles were also examined
(red blood cell suspensions [25] and samples of liver or ferritin) to examine the
different relaxation models mentioned below.

5.1 Physical and chemical properties of MNP

For MRI application as a Contrast Agent (CA) the interest is on superpara-
magnetic nanoparticles with a magnetic moment that is characterized by two
important properties: firstly, a paramagnetic magnetism where the magnetic
moment disappears when the magnetic field is removed; and secondly, a giant or
super — ferromagnetic like — moment due to the alignment of spins along the applied
magnetic field. If the particle is sufficiently reduced in size, then a state of single-
domain is attained and it becomes superparamagnetic. In this state, the magnetic
moment of the particle behaves as that of a single atom (like a paramagnet) but with
much larger magnitude. Ferrimagnetic materials (such as magnetite Fe304 and
maghemite y-Fe,03) are compounds of different atoms residing on different lattice
sites with antiparallel magnetic moments. In these materials, the magnetic moments
do not cancel out since they have different magnitudes which results in a net
spontaneous magnetic moment. When placed in a magnetic field,
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antiferromagnetic and ferrimagnetic materials show a behavior similar to that of
ferromagnetic ones [14].

Iron has been used by many researchers to synthesize MRI CA either as iron
metals [26], iron oxides [27] and ferrites substituted by other elements such as Zn,
Mn, and Gd [28, 29], or indeed CA that are based on Gd or gold [30]. The addition
of other elements was either to modify the magnetic moment or indeed to add
another function to the CA such as heating in hyperthermia. There are many
chemical and physical synthesis methods for the preparation of iron oxide
nanoparticles with various degrees of control over the properties of the final prod-
uct. Perhaps the most widely used method, due to its simplicity, speed, and rela-
tively low cost, is the coprecipitation of Fe** and Fe** aqueous alkaline solutions by
adding a base. The iron compounds formed by this method may have various
degrees of compositions and crystal structure. The particles produced are quasi-
spherical in shape, however, polydisperse in size especially if stabilizing agents such
as dextran, PEG, or polysaccharides are not used. Stabilization of the ferrofluid
using these agents is important in order to prevent particles from clustering. Parti-
cles tend to agglomerate in order to reduce the interfacial tension which is large due
to the large surface to volume ration of nanoparticles. One of the most important
characteristics of MNP (if not the most important) for medical applications is
particle monodispersity. Failing to preserve monodispersity will defeat the objec-
tives of designing and implementing any synthesis method and indeed the route of
application because almost every step involved rely on the assumption of a single
valued parameter rather than a range of values i.e. a distribution, at least until
recently. For example, when quantifying an application of MNP a single value for
each of radius, magnetization, susceptibility is given. Further difficulties ensue
when clustering or agglomeration of nanoparticles exists emphasizing the impor-
tance of determining the particle radius as demonstrated by many studies such as
those mentioned in ([31-33]). For MRI a more detailed study [34] of the different
degrees of agglomeration induced by many types of coating concluded that cluster-
ing was the more dominant factor in changing relaxivity over other factors such as
diffusion and the distance of water protons from the magnetic core.

For MRI at typical clinical magnetic fields the magnetic moment and the size of
the MNP will ultimately decide the CA relaxivity and indeed its biodistribution.
Therefore, it is imperative to control the aggregation of the crystals in order to
define the sample size distribution. This is usually done by modifying the surface
layer of the MNP, e.g. by adding some coating materials or surfactants or by
changing the surface charge. Care must be exercised when doing so because the
effective size or the hydrodynamic radius will also be affected. Another conse-
quence to this will be the modification of the distance of closest approach between
water protons and the MNP which reduces relaxivity. Furthermore, these mostly
polymer materials will have an effective diffusion coefficient which is smaller than
that of the bulk water and indeed may not have a single value across the full
thickness of the coating layer. For example, we may expect the proton ability to
diffuse through layers close to the metal core of the coated or aggregated MNP to be
smaller than its ability in regions at the exterior regions of the coating layer close to
the bulk water. Coating also leads to ambiguity in determining the magnetization,
since magnetization is the magnetic moment per unit volume. The latter may not be
accurately defined or indeed measurement-method dependent. Of course, further
ambiguities may arise when vectorizing the coated MNP for biomedical
applications such as cellular tracking and targeting in molecular imaging. The
schematic given in Figure 2 shows different possible particle geometries according
to clustering and distance between different clusters within one large agglomerated
coated particle.
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Figure 2.

Different geometries for MINP that ave not agglomerated (A) uncoated; and (B) coated; while (C) connected
particles (uncoated) by polymers while in D) can be considered one large agglomerated particle with a much
larger hydrodynamic size due to the coating.

5.2 Proton’s relaxation by MNP

Due to the ability to assemble many (e.g. 1000s) of iron atoms into the MNP the
magnetic moment associated with ferro- or super-paramagnetic nanoparticles is
much bigger than that associated with a single paramagnetic atom or even few
linked Gd complexes. If comparable relaxation enhancement can be produced by a
smaller mass of CA material, then efficiency and safety can be improved, and the
amount of chemical dose administered into humans is reduced. For superpara-
magnetic NP the outer-sphere relaxation contribution dominates over the inner-
sphere one (recall that in the paramagnetic case discussed before both mechanisms
contribute comparably). Another distinction from the paramagnetic centers, is that
the modulation of the dipolar interactions is provided by Néel’s relaxation of the
MNP (instead of the electronic relaxation) characterized by the correlation time zy;
and possibly to a smaller extent by the Brownian relaxation characterized by the
correlation time zp. Protons diffuse through non-fluctuating magnetic field gradi-
ents created by the mean crystal moment [35-36] which is locked along the external
magnetic field. The diffusion process depends on the particle size, the solvent
viscosity and temperature while the two MNP relaxation processes, depends on the
size and anisotropy energy of the particle which increases exponentially with the
particle volume.

Early studies of NMR relaxation as a function of field strength or frequency,
known as NMR Dispersion (NMRD) curves discussed the importance of the
anisotropy energy at very low fields [37]. The model successfully explained the
experimental results for large superparamagnetic iron oxide (SPIO) crystals (radius
~15 nm) at high fields but failed to agree with relaxation results for smaller particles
(ultra-SPIO or USPIO ~5 nm) especially in the low field range where dispersion
(i.e. inflection point in the dispersion curve) in the longitudinal NMRD curves
occurs [38]. For MRI at current fields [14], however, and especially at MNP typical
size used in biomedical applications, Curie relaxation dominates where the NP
magnet is locked along B direction and the relaxation rates are then given by
(under certain conditions—see next section) the following equations (similar to
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Eq. (22-24) in [39]; Eq. (20) and (21) ignoring Freed’s contribution in [40]; Eq. (2)
and (3) in [41]):

=000 wp () Baa(Vamm) fent a9

T, 135000 RD \4z

1 32z NalM] ryup\2? |3 2
T, 135000 RD (4_;;) {EJA(Vzw”D)+]A(O)}<“Z> (16)

oy is the proton’s Larmor frequency, s is the magnetic moment component
along the applied field, N, is Avogadro’s number, and ], is Ayant’s density spectral
function given by

1+ 5z/8 + 522/8

17
1+z+22+Z + 42*/81 +25/81 + 26/648 (17)

Ja(z) =

For high fields when w; becomes very large (J4(2) — zero) and using the
volumetric particle fraction f instead of the molar concentration [M] (moles/liter)
the relaxation rates can be written as

/1, — zero (18)
17, = zlt_gf(Aw>ZTD (19)

Aw is the r.m.s. Larmor frequency experienced by the proton at the surface of
the particle of radius R and is given by [42, 43]

Ao — 4/5ﬂOMg (20)
Aw depends only on the material magnetization [43] and not the size of the
particle, for example, magnetite has Aw = 3.48 x 10’ rads/s. The magnetic fre-
quency can of course be represented in terms of the magnitude of the component of
the equatorial magnetic field (B,,) parallel to the external field Bousing the Larmor

relationship. Magnetite’s frequency will then correspond to an equatorial magnetic
tield B, = 1.3 kG.

5.3 Motional regimes for T,

We consider in detail the effect of the diffusing motion of the water protons as
they move around the MNP and sample the variations in their magnetic fields. The
tortuous nature of the Brownian motion means that the water proton encounters
the MNP many times in order to lose phase coherence, i.e. relax significantly or
equivalently, the motion of the proton has to be very fast in order to experience and
average the magnetic fields of many nanoparticles [42]. The water proton is neither
confined to the magnetic field of one MNP nor is completely relaxed by diffusing
around it [37]. This process defines the dynamic frequency scale or diffusional rate
1/tp=D/ d? (notice the use of “d”, the distance of closest approach, or “R”, the
radius of the nanoparticle by many researchers). Obviously, the strength of the
magnetic dephasing center has to be taken into account and this is characterized by
the magnetic frequency scale which represents the efficiency by which the MNP
relaxes a nearby proton as defined above in Eq. (14) [44].

The choice of the theoretical model of T, relaxation depends on both the size of
the particles (i.e., mobility) and the magnitude of the magnetic moment (i.e., the

10
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dephasing effect due to field inhomogeneity) through the product

parameter Aw 7p. When the diffusional motion is very fast such that one MNP is
unable to completely relax the protons the condition for the motional averaged
regime (MAR) is fulfilled 1/7p > Aw and Eq. (19) represents the transverse relaxa-
tion rate [14].

The 1/T, relaxation rate continues to increase with increasing particle size (or
linearly with R?) until reaching an asymptotic limit in 1/T, (both 1/T, and 1/T," are
equal and independent of echo time z¢p where 7¢p is half the echo time for a single
(Hahn) spin-echo or half the interval between successive 180° RF pulses in a CPMG
sequence) when further particle size increase causes the breakdown of the MAR
condition. The limited spins mobility leads to the saturation of 1/T,* value with
further particle size increases as given by the static dephasing regime (SDR) where
the protons appear less mobile, or static [43, 45, 46]. Therefore, when Aw 7p>1,
spins relax in the magnetic field gradients created by nearby weakly or strongly
magnetized particles and the diffusion coefficient becomes irrelevant. The expres-
sion for 1/T, in the SDR regime is given by

2z
— fAw
V27 /
For large particles, or agglomeration of particles [47], where the refocusing RF

pulses are not effective and the diffusion time 7p is larger than a characteristic time
7, given by

l/Tz = (21)

1.4
7 = (A_a?) x'/3 (152 + f x)*/3 (22)

x = Aw 7cp, the theoretical model for T2, known as the echo limited regime
(ELR), applies and is given by

1/T2PR — 1.8 x1/3 (1.52 +f x)* /2p (23)

It should be noted that the accuracy of the above model for vary large particles is
not very high and relaxation cannot just be described by a single exponential curve.
This is so because dephasing is often described by a very fast component close to the
surface of the particle and another slower component at farther distances.

Monte Carlo (MC) numerical simulation was used by many researchers to study
T, relaxation [44, 48, 49] for both spherical and cylindrical particle geometry. To
demonstrate the applicability of the above models we simulated transverse relaxa-
tion due to the presence of spherical MNP for both T, and T,. We investigated
relaxation under the different motional regimes and particle concentration.

Figure 3 shows 1/T, simulations for four values of the echo time 7¢p ranging from
3.13 x 107 °°>t0 2.50 x 10 %* seconds and a volume fraction f = 1 x 10~ %, The
theoretical values for MAR and SDR are shown as well as the four curves for large
particle size in the ELR regime. Available models for the latter range give an
overestimate for the simulation.

Values of 1/T, simulations are shown in Figure 4 below (for the same parame-
ters used in Figure 3 above). The agreement between spin-echo and gradient-echo
data is evident for small particles within the MAR regime while the upper limit
reached by all larger particles for all echo times is clearly demonstrated within the
SDR regime consistent with Eq. (21) above.

Simulation can aid in understanding the relaxation mechanisms and developing
new models by investigating the effect of different environments, particle sizes,
coating types, etc. under both spin- and gradient-echo experimental conditions. The
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Figure 3.

1/T, simulations for four small values of the echo time tcp: 3.13 X 10~ %%, 6.25 x 10~ °° 1.25 x 10 °%, t0
2.50 x 10 °*s. All particles used were spherical of the same size and the volume fraction f =1 x 10~ %.

300
250
200
)
« 150
~
-4
- & -R2*_MAR R2_SDR —e—TauCP1
100
—8—TauCP2 —=—TauCP3 —=—TauCP4
50
0
0 10 20 30 40 50 60 70 80
R (nm)
Figure 4.

1/T7 simulations for four small values of echo time tcp: 3.13 x 10~ %%, 6.25 x 10° % 1.25 x 10 **, to
2.50 x 10 °*s. All particles used were spherical of the same size and the volume fraction f = 1 x 10~ %.

role of PEG coating can also be examined by specifying a regional zone around the
magnetic core with a different coefficient of diffusion to that of the bulk water.
Indeed, layers of coating material of different mobility can also be studied in order
to simulate the environment more realistically as shown in Figure 5. Relaxivity was
shown to decrease in [50, 51] due to increasing the water protons’ distance of closest
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Figure 5.

Different models for the effect of the coating layer depending on the values of the diffusion coefficient according to
position between the core and the bulk water. Simulations can be used to investigate the ensuing effect on
relaxation.

approach by the coating layer and reduced diffusion coefficient. However,
increased T relaxivity was demonstrated in [51] explained by longer proton’s resi-
dence time associated with the reduced diffusion coefficient.

5.4 Core-shell structures

We have seen that the magnetic moment and the size of the MNP play the most
important role in determining MRI relaxivity. Therefore, it is important that the
experimental determination of these quantities is accurate and independent of each
other, if possible. If the sample is polydisperse, and depending on the width of the size
distribution, then it may not be possible to fit the magnetization data to a single
Langevin curve [52, 53]. Particle size distribution, in addition to the existence of multi-
magnetization phases (e.g. more than one superparamagnetic magnetic moment com-
ponent), play an important role in accurately determining the particle’s magnetic
moment [54]. The isolation of phases during synthesis or the existence of a dead shell
layer (e.g., paramagnetic) are necessary to explain the widely reported lack of satura-
tion of the magnetization curve even at very large applied fields [54]. A closely related
topic is core-shell structures. In comparison to a single core of iron-oxide nanoparticles,
core-shell structured iron/iron-oxide nanoparticles offer a much stronger T shortening
effect than that of iron-oxide with the same core size [55, 56]. Multifunctional NP
benefit from the ability to combine iron or other metals to the conventional iron oxide
material. Combined hyperthermia and MRI rely on doping iron oxide particles with
metals such as Mn and Gd in order to control their thermodynamic properties [32].
Multimodality imaging offers other imaging modality in addition to MRI to help in
improving the diagnostic information [56]. Recent advances in synthesis method
opened the way for a better control over the particle morphology. Cubic and flower-
shaped particles offer higher magnetization values through anisotropy and larger sur-
face to volume ratios [57]. Cubic nanoparticles can have a higher degree of crystallinity
and relaxivity (four times higher) than their spherical counterparts [58].

6. Conclusions

Superparamagnetic particles mostly synthesized from iron oxide exhibit large
magnetic moment compared to the Gd-chelates conventionally used as MRI
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contrast agents. The ability to control the structure, morphology, size, and size
distribution is critical to the optimum application of these magnetic nanoparticles as
MRI relaxation enhancing centers. Further coating and functionalization of the
surface of these particles enable their use as multifunctional particles in cancer
treatment or multimodality imaging. Recent synthesis methods have produced
cubic and assembled particles with improved performance in terms of larger mag-
netic moment which offers not only higher MRI relaxivity but also reduced dose of
injected material.
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