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Abstract: Magnetic nanoparticles have received extensive attention in the biomed-
ical research, e.g. as prospective contrast agents for T2-weighted magnetic res-
onance imaging. The ability of a contrast agent to enhance the relaxation rate
of 1H in its vicinity is quantified by relaxivity. The main aim of this thesis is to
evaluate the transversal relaxivity of ε-Fe2−xAlxO3 nanoparticles coated with amor-
phous silica or citrate — its dependence on external magnetic field, temperature
and thickness of silica coating — by means of nuclear magnetic resonance. The alu-
minium content x = 0.23(1) was determined from XRF, the material was further
characterised by XRPD, Mössbauer spectroscopy, DLS, TEM and magnetic measure-
ments. The size of magnetic cores was ∼ 21 nm, the thickness of silica coating
∼ 6, 10, 17 and 21 nm. Magnetization of the ε-Fe2−xAlxO3 nanoparticles increased
by ∼ 30 % when compared to ε-Fe2O3. The saturating dependence of relaxivity
on external magnetic field and on the linear decrease with increase of thickness
of silica coating contravene the theoretical model of motional averaging regime
(MAR); nevertheless, the temperature dependence acquired in 0.47 T and 11.75 T
may be explained by MAR. In comparison to ε-Fe2O3 nanoparticles, the relaxivity of
examined samples was higher for particles with silica coating thinner than 10 nm;
no considerable difference in relaxivity for thicker coatings is in contradiction to
the prediction of MAR. The relaxivity was comparable to commercial superparam-
agnetic iron oxide contrast agents. The thesis provides experimental data still rare
in the literature, showing thus the shortcomings of theoretical models of relaxiv-
ity available at present. Very low cytotoxicity enables the future use of examined
nanoparticles for in vivo studies and prospectively in human medicine.
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Introduction

Magnetic nanoparticles have been in focus of material research for decades due
to their unique properties significantly different from the bulk material. One of
the main fields of interest represent their potential applications in medicine enhanc-
ing particular diagnostic and therapeutic methods, especially in cancer treatment.
The cutting-edge is to join both diagnostic and therapeutic functions in one object,
a so called theranostic tool particularly eligible to detect and kill tumour cells. Mag-
netic nanoparticles provide suitable carriers for therapeutic drugs since they can be
easily manipulated by external magnetic field. Moreover, they can simultaneously
act as an imaging probe.

Magnetic resonance imaging (MRI) is one of the leading non-invasive imaging
techniques both in clinical praxis and in research. The contrast in MRI is gener-
ated by the difference in proton density and the T1 and T

(∗)
2 relaxation times of

tissues. In order to achieve local enhancement in contrast and hereby in the res-
olution, magnetic nanoparticles can be employed as appropriate contrast agents,
reducing the relaxation times of 1H in the surrounding tissue. To assess the efficacy
of a contrast agent, the concept of relaxivity as a quantity characterising the abil-
ity of the contrast agent to increase the relaxation rates of surrounding 1H was
introduced.

The main aim of this thesis it to evaluate the relaxivity of ε-Fe2−xAlxO3 nanopar-
ticles coated with amorphous silica. This material was chosen as a follow-up of my
bachelor thesis dealing with the relaxivity of ε-Fe2O3 nanoparticles. Since ε-Fe2O3

is a ferrimagnetic material, our idea was to substitute a diamagnetic cation — alu-
minium in this case — for a fraction of iron cations. We assumed that the Al atoms
would preferentially occupy tetrahedral sites, which partially compensate the mag-
netic moment of the other sites, then the substitution would result in the increase
of the overall magnetic moment of the nanoparticles and hereby in enhancement
of their relaxivity, as predicted by the theory. Therefore, we aimed also at verifying
this assumption.

Outline

This thesis is obliquely divided into two sections: the theoretical background (first
three chapters) and the experimental part (last two chapters). Chapter 1 overviews
the most common synthesis methods of nanoparticles along with some of the mag-
netic properties emerging at nanoscale. Chapter 2 provides a brief introduction
to Nuclear magnetic resonance and MRI methods and the relaxation mechanisms.
Furthermore, it summarises the theory of relaxivity including the most recent theo-
retical models. Chapter 3 outlines the properties of ε-Fe2O3 as an initial material for
this study. Experimental details and techniques are described in chapter 4, while
experimental results on the characterisation of the material and its relaxivity along
with the discussion are summarised in chapter 5.
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1. Magnetic nanoparticles

The term magnetic nanoparticles (MNPs) usually refers to materials responding
to an applied magnetic field with the dimensions typically 1–100 nm, i.e. they
contain from several hundreds to 105 atoms. Not only are MNPs prepared artifi-
cially but they can be also found worldwide in nature — in rocks, living organ-
isms, even in the interstellar space — and intrinsically embedded in the cultural
heritage of the mankind (Sattler, 2011a). Due to their unique properties differ-
ent from the bulk materials, MNPs have been in focus of the material research
for decades. They have found broad applications in biomedicine as theranostic
agents in cancer treatment, or in industry e.g. as constituents of magnetic flu-
ids (ferrofluids), permanent magnets, catalysts, gas sensors, toners for xenography,
storage media or pollutant-removal agents (Huber, 2005; Stanicki et al., 2015; Lau-
rent et al., 2008).

The extraordinary phenomena observed in a system of nanoparticles (NPs) arise
from the delicate interplay among the intrinsic properties, finite-size effects, size
distribution of the NPs and the interparticle interactions (Batlle and Labarta, 2002).
As the size of NPs decreases, the surface-to-volume ratio increases along with the
importance of both surface and finite-size effects. When discussing the influence
of the size reduction on magnetic properties of nanomaterials, it is necessary to dis-
tinguish whether one considers intrinsic or extrinsic properties. Intrinsic properties,
e.g. the saturation magnetization Ms, the anisotropy or the exchange stiffness A,
are established on the atomic scale and therefore tend to approach their bulk val-
ues within the length of a few interatomic distances. In contrast, extrinsic prop-
erties as the remanent magnetization Mr or coercivity Hc (the hysteresis effects)
are nonequilibrium phenomena and depend on the state of the system as a whole
(Skomski, 2003).

In this chapter, a brief overview of selected preparation methods of MNPs is
given, and specific magnetic properties arising from reduced size are discussed
in more detail.

1.1 Synthesis of magnetic nanoparticles

Many pathways to produce MNPs have been developed so far. However, meeting
main requirements as a narrow size distribution of the system of NPs, their homo-
geneous composition, preventing the aggregation and also the possibility of indus-
trialization of the process still remains challenging.

The methods of preparation of MNPs can be categorised into two types: top-

down and bottom-up. The top-down approach relies on the reduction of bulk ma-
terials to the desired sizes and includes mechanical machining, laser beam and
electron beam processing or photolithography. On the other hand, the bottom-up

approach uses molecular reagents to build up nanosized structures. The bottom-
up methods are usually preferred due to a better control over the shape and size
distribution of prepared NPs (Stanicki et al., 2015). Among the most broadly used
methods belong the sol-gel method, coprecipitation, thermal decomposition or gas
phase preparation which are elaborated below. (Sattler, 2011a).
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Sol-gel preparation

Sol-Gel reactions provide a convenient wet pathway to prepare metal oxide NPs
(Feldmann and Jungk, 2001). This synthesis builds on the hydroxylation and con-
densation of precursors in solution, where a sol of nanosized particles is formed.
As a result of further condensation and inorganic polymerization at room temper-
ature, a wet gel composed of metal oxide network is created. This gel must be
treated at elevated temperature in order to reach the desired level of crystallinity
(Laurent et al., 2008).

Coprecipitation

The coprecipitation method is probably the simplest and the most efficient chemical
route to prepare NPs (Laurent et al., 2008). It is widely used to produce oxides
of magnetic 3d transition metals (e.g. γ-Fe2O3 or Fe3O4) from aqueous salt solutions
under the inert atmosphere in the room temperature or higher. Typically, to prepare
iron oxide NPs, an alkaline base (NaOH or NH4OH) is added to a mixture of ferric
and ferrous salts (Kim et al., 2001). The stability of the suspension is enhanced
by introducing anionic surfactants as dispersive agents, or by coating the particles
with various protective substances (Kim et al., 2003). The composition, size and
shape of prepared MNPs result from the type of salt used (sulphates, chlorides,
nitrates etc.), stoichiometry, pH value, reaction temperature, and the ionic strength
of the media (Sattler, 2011a).

The coprecipitation process occurs in two phases: a short burst of nucleation,
when the solution reaches a certain supersaturation value, and a subsequent slow
growth of the nuclei by diffusion of the solutes to the surface of the crystal (LaMer
and Dinegar, 1950). Monodisperse iron oxide suspensions can be obtained only
by a strict separation of these two phases (Laurent et al., 2008). However, due to
the rapid nucleation it is difficult to reach a well defined crystallinity in the samples.

Thermal decomposition

Small monodisperse MNPs can be synthesised through the thermal decomposition
of organometallic compounds in organic solvents with high boiling temperature.
Stabilizing surfactants as long hydrocarbon chains are used, enabling also the size
and shape control (Dumestre et al., 2004). The reaction is performed either by
warming a mixture of organometallic precursors and surfactants in the solvent,
or by injecting the precursor into a hot solution of solvent and surfactants (a.k.a.
hot injection; Stanicki et al., 2015). Because of the high temperature used during
the synthesis process, it is possible to obtain well crystalline NPs.

Gas phase preparation

Gas phase preparation method is based on a condensation of a supersaturated
vapour of the material in the inert gas environment (Gleiter, 1989). Particle nuclei
are formed by a homogeneous nucleation process, and grow by successive aggre-
gation. Modified ultra high vacuum (UHV) evaporation or sputtering systems are
usually used, enabling preparation of metal NPs which do not suffer from oxidation.
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With this method, systems with narrow size distribution can be produced, though
only in small amounts (Sattler, 2011a).

1.2 Isolated magnetic nanoparticle

Magnetic properties of fine particles are strongly determined by the combination
of finite-size effects, resulting from a cut-off of some characteristic length due to
geometrical constraints of a finite volume, and surface effects, originating from the
increase of the fraction of atoms at the surface of particles with reducing size. In
reality, both kinds of effects are mixed and sometimes hardly distinguishable.

1.2.1 Finite-size effects

It is well known that magnetic bulk materials are composed of many domains with
collinear spin structure separated by domain walls. This structure results from the
balance of exchange, magnetostatic (or dipolar) and anisotropy energy. Although
the magnetostatic energy endeavours to minimize the overall magnetization in the
material, below a certain critical volume the energy cost to create domain walls
is higher than the corresponding energy reduction. In that case, a single domain

state is preferred. The critical radius Rc for e.g. spherical MNPs can be calculated
from (Petracic, 2010)

Rc =
36
p

AK

µ0M2
s

,

where A — the exchange stiffness — is a material constant related to the criti-
cal temperature of magnetic ordering, K is the anisotropy constant (see below),
Ms the saturation magnetization of the particle, µ0 the permeability of free space.
Typical value of Rc ranges from 10 to 800 nm (Batlle and Labarta, 2002), being
e.g. ∼ 50 nm for Fe3O4 (Petracic, 2010). When trying to reverse the magnetiza-
tion direction, for small NPs all atom spins tend to rotate simultaneously (coherent

rotation). The NP can be thus described by one huge moment mNP with similar
behaviour as the atomic one, often referred to as a superspin. It is proportional to
the NP volume and saturation magnetization |mNP| ≈ MsV , and reaches the order
of 1000µB (Petracic, 2010).

The direction of atomic moments (or the superspin) in relation to the crystal lat-
tice is controlled by the magnetocrystalline anisotropy, which reflects the symme-
try of the neighbours of each atom. Nonetheless, microscopic mechanisms leading
to anisotropy can be diverse — apart from the magnetocrystalline anisotropy also
the stress anisotropy caused by the inner stress in the sample, the shape anisotropy

from the balance between demagnetising and external fields, or the surface

anisotropy discussed later (Sattler, 2011a). The resulting anisotropy energy is
a combination of all contributions present at the atom site. Therefore, it is usually
considered uniaxial in this context and characterized by a single effective anisotropy
constant Keff. In the thermal equilibrium, the resulting magnetization of a single
domain NP points in the direction minimizing the anisotropy energy of the parti-
cle, which is also called the easy axis. The anisotropy energy of a particle in zero
external magnetic field can be thus expressed as

E(θ ) = KeffV sin2 θ , (1.1)

6



with θ being the angle between the magnetization direction and the easy axis,
and KeffV the energy barrier between the magnetic orientational energy minima.
The energy barrier (further labelled EB to consider general case) can be overcome
as a result of thermal excitations, and consequently, the magnetization can flip from
one easy direction to another one. The dynamics of this process is characterised by
the Néel relaxation time τN and sufficiently described by the Néel-Brown model

based on the Arrhenius law
τN = τ0e

EB
kB T , (1.2)

the prefactor τ0 is of the order 10−13–10−9 s (Sattler, 2011b) and generally depends
on many parameters: the anisotropy energy, temperature, saturation magnetization
etc. (Batlle and Labarta, 2002).

If the energy barrier is higher than the energy of thermal excitations (EB �
kB T), the particle is in a frozen state and τN in the high anisotropy case can ex-
ceed centuries. Nevertheless, above certain temperature TB, the thermal excitations
become comparable to the EB and induce rapid switching of the particle superspin
when compared to the observation time t. From the experimental point of view,
the particles are in a superparamagnetic regime, the temperature TB is called
the blocking temperature and characterises the temperature when the time scale
of the experiment and superspin fluctuations match:

TB =
EB

kB ln t

τ0

. (1.3)

Consequently, whether we see the NP system in the frozen or superparamagnetic
regime strongly depends on the type of experiment we employ — the time scale
of SQUID magnetometry is typically 10–100 s, while in Mössbauer spectroscopy
10−9–10−7 s (Papaefthymiou, 2009; Sattler, 2011a).

For small NPs in a colloidal suspension, another rotational mode is also impor-
tant: brownian motion characterised by the Brown relaxation time

τB =
3Vη

kB T
, (1.4)

where η is the viscosity of the carrier medium. The total magnetic relaxation time
derived from equations 1.2 and 1.4 is then

1
τeff
=

1
τN

+
1
τB

. (1.5)

Both of these relaxation mechanisms directly affect not only the magnetization
curves, but also two biomedical applications of MNPs — magnetic resonance imag-
ing (MRI) and magnetic hyperthermia.

1.2.2 Surface effects

The origins of surface effects lie in the lack of translational symmetry at the bound-
aries of the particle resulting from the missing nearest neighbours of the surface
atoms and the subsequent contraction of surface layers due to structure relaxation.
As a consequence, the magnetic exchange bonds are broken, which leads to surface
spin frustration and misalignment, often generating an approximate ferromagnetic
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(FM) ordering of surface spins. It is the surface effects which dominate the mag-
netic properties of smallest NPs and cause the superspin approximation not to be
valid any more (Batlle and Labarta, 2002).

The symmetry breaking at the boundaries of the particle along with the pres-
ence of vacancies and some degree of a structural disorder give rise to the surface

anisotropy, which induces the increase of the particle anisotropy with its reducing
size (Batlle and Labarta, 2002). An effective anisotropy per unit volume can be thus
modelled by separate contributions of the bulk Kb and the surface Ks and following
phenomenological expression can be used (Bødker et al., 1994)

Keff,sph = Kb +
S

V
Ks .

An interesting fact is that the surface effects can result in both increase and
decrease in the magnetization of the NPs in certain cases. The magnetization of
some metal oxide NPs was reported to decrease, and several scenarios were pro-
posed: the existence of a magnetically dead layer at the surface, the existence of
canted spins or the presence of a spin-glass-like behaviour of surface spins (Ko-
dama, 1999). In contrast, the magnetization of some metallic NPs was observed to
increase (Respaud et al., 1998).

For above mentioned reasons, the total magnetization can be considered con-
sisting of two components — the contributions of core and surface spins, described
by the core-shell model. In this model, the magnetically ordered state in the core
is assumed, while a surface layer of canted spins undergoing a spin-glass-like tran-
sition to a frozen state at certain temperature TF is expected in the shell (Martínez
et al., 1998). The interaction occurring at the core-shell interface is called the ex-

change bias or exchange coupling and provides an additional magnetic anisotropy.
In particles of antiferromagnetic (AFM) and ferrimagnetic (FIM) materials (as most
metal oxides), the interaction appears between the AFM/FIM core and the FM sur-
face. On the other hand, in some FM metallic NPs, the surface layer oxidises and
the exchange bias occurs between the FM core and the AFM oxide shell (Issa et al.,
2013). The presence of the exchange bias belongs to the leading factors increasing
the coercivity of MNPs and also the external magnetic field that needs to be applied
to achieve the saturation magnetization.

As the temperature increases, the magnetization of the surface decreases more
rapidly than the one of the core, i.e. the surface spins are demagnetized by thermal
excitations more easily (Herr et al., 1987). Moreover, it was found that owing to
both surface and finite-size effects, the critical temperature when the spontaneous
magnetization vanishes is reduced with the decrease in size of the NPs (Batlle and
Labarta, 2002).

1.3 Ensembles of interacting nanoparticles

Firstly, it must be emphasised that when measuring any macroscopic property of
a system of NPs, it is necessary to consider the size distribution of particles in the en-
semble. For most cases (NPs growing in the presence of a significant drift and/or
diffusion), the system follows the log-normal distribution (Kiss et al., 1999)

P(d) =
1p

2πσd
e−

ln2
�

d
d0

�

2σ2 , (1.6)
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where d is the particle diameter and σ the standard deviation of ln d. When mag-
netic interactions between particles in the system can be neglected, it is possible
to treat the system as an assembly of randomly oriented particles with volume-
dependent properties driven by the distribution 1.6. Nevertheless, in the case
of non-negligible interactions, the behaviour of the ensemble is markedly compli-
cated.

The main magnetic interaction present in the NP assemblies is the dipole-dipole

interaction, which always exists and dominates for MNPs embedded in an insu-
lating and diamagnetic matrix (SiO2 or Al2O3, solvents of ferrofluids; Batlle and
Labarta, 2002; Petracic, 2010).

In MNP ensembles, different magnetic behaviours may develop depending on
the strength of the interaction. The types of behaviours can be classified according
to the corresponding relaxation time τ (Dormann et al., 1997; Batlle and Labarta,
2002) as follows (sorted from the weakest to the strongest interactions):

• superparamagnetism

NPs in the ensemble are independent, described by the Néel-Brown model
1.2

τ= τ0e
EB

kB T .

• modified superparamagnetism

Again, the NPs in the ensemble are independent, described by the Néel-Brown
model; however, the energy barrier EB is modified by the interparticle inter-
actions

τ= τ0e
E∗

B
kB T .

• glass-like freezing

As the interparticle interactions grow stronger, a collective behaviour occurs.
In this case, one encounters a glass-like freezing of the superspins with a "glass
temperature" T0, yet it is not a true phase transition. The relaxation time is
accordingly modified (Vogel-Fulcher law; Shtrikman and Wohlfarth, 1981):

τ= τ0e
EB∗

kB (T−T0) .

• superspin glass

For MNPs randomly arranged in space and even stronger interactions (es-
pecially when the interparticle distance reduced), the ensemble undergoes
a phase transition into a superspin glass phase bellow the critical temper-
ature Tg . Such MNP assemblies share some features with spin glasses, as
the aging effect, memory or slow relaxation (Sasaki et al., 2005). The relax-
ation time is then given by a power law with the critical exponent zv, where
v is the critical exponent of the correlation length ξ∝

�

(T − Tg)/Tg

�−v
and

z connects the relaxation time and the correlation length τ∝ ξz (Ogielski,
1985)

τ= τ∗0

�

T − Tg

Tg

�−zv

.

• superferromagnetism

For MNPs regularly arranged in space and the dipolar interactions strong

9



enough, an analogue of ferromagnetic ordering for superspins can be gen-
erated

τ= τ∗0

�

T − Tc

Tc

�−zv

.

Nevertheless, it is difficult to distinguish the particular behaviour of an examined
ensemble of NPs. A rough estimate can be made by a "successful" or "unsuccessful"
fit of experimental data based on how reasonable the obtained parameters (e.g.
critical temperature or τ0) seem to be.
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2. Relaxation induced by magnetic

nanoparticles in MRI

This chapter is intended to provide a very brief introduction to the principles of
nuclear magnetic resonance (NMR) and MRI, detailed information can be found
elsewhere (e.g. Slichter, 1990; Brown et al., 2014) in order to deliver background
for the main focus of the chapter, the introduction to relaxation mechanisms and
relaxivities of magnetic nanoparticle contrast agents used in MRI.

2.1 Basic principles of NMR

The phenomenon of NMR results from nuclear spin dynamics under the influence
of static and oscillating magnetic fields. For the purpose of this work only the nuclei
with spin quantum number of 1/2 will be considered. If the static magnetic field
B0 is applied on the spin, the energy difference between the two eigenstates corre-
sponding to two projections ±~/2 of the angular momentum into the quantization
axis defined by B0 is

∆E = ~γB0 = ~ω0, (2.1)

where ~ is the reduced Planck constant, γ the nuclear gyromagnetic ratio, which
equals to 42.58 MHz.T−1 for the most widely used nucleus 1H, andω0 the transition
Larmor frequency. The ratio of population numbers of these two eigenstates reaches

N1

N2
= e
− ~ω0

kB T (2.2)

at thermal equilibrium at temperature T . By applying a transversal oscillating mag-
netic field B1 with frequency ω, the transitions between the eigenstates may be in-
duced, with the probability of the system being at time t at its initial state described
by Rabi formula

P (t) = 1−
ω2

1

ω2
1 + (ω−ω0)

2
sin2
�

t

2

q

ω2
1 + (ω−ω0)

2
�

, (2.3)

whereω1 characterises the amplitude of the field B1 andω−ω0 the detuning from
resonance.

Nuclei with nonzero spin have their own magnetic moment µI = γI . For a
macroscopic ensemble it is relevant to sum up the nuclei magnetic moments in
a classical vector of magnetization density M , which follows Bloch’s equation

Bloch (1946). When introducing the interspin interactions and diffusion into
the Bloch’s equation, one gets its complete form

dM

d t
= γM × Beff − R1,2M − D∆M . (2.4)

When written in the rotating frame ( x̂ , ŷ , ẑ) synchronised with the oscillating field,
the effective field at the nucleus is given by

Beff = −
ω1 x̂

γ
− ω−ω0ẑ

γ
. (2.5)
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The second term in equation 2.4 introduces the spin-lattice relaxation rate R1 =

1/T1 and the spin-spin relaxation rate R2 = 1/T2 for the longitudinal component
Mz and for the transversal component M⊥ respectively. The last term reflects the ir-
reversibility of diffusion described by the spin diffusion coefficient D. Both B0 and
B1 are considered to be local fields affecting the nucleus in the studied system
(Nacher, 2009).

2.2 Relaxation

When a pulse of an oscillating radiofrequency magnetic field is applied on the sys-
tem, M simply rotates around the direction of the effective field, and at resonance
rotation by any desired angle with respect to Mz can be achieved by a properly
timed radiofrequency pulse (e.g. π or π2 pulses). On the other hand, after the pulse
when the system is exposed only to a uniform static field, spins precess around
the direction of B0, the longitudinal magnetization exponentially recovers with a
rate R1 and the transversal component exponentially decays with a rate R2. In
a non-uniform field B0 the third term in 2.4 is pronounced leading to an additional
decay of the transversal component M⊥ (Nacher, 2009).

2.2.1 Spin-lattice relaxation

After the excitation of the system of spins by a radiofrequency pulse, the magneti-
zation Mz returns exponentially back to the Boltzmann equilibrium M0 with time t

Mz = M0

�

1− e
− t

T1

�

. (2.6)

The longitudinal relaxation is described by the longitudinal relaxation time T1 or
its inverse value, the longitudinal relaxation rate R1.

Nuclear spins in the high energy state (antiparallel to the static magnetic field in
the case of 1H) can undergo transitions to a low energy state (parallel to the mag-
netic field) via spontaneous or stimulated emission of energy quanta. Since the pro-
bability of a spontaneous emission is very low, relaxation processes are dominated
by emission stimulated by fluctuating local magnetic fields, which induce precession
of protons at the Larmor frequency and originate in the intra- and intermolecular
dipole-dipole interactions between nuclei of neighbouring molecules (lattice). For
this reason, the longitudinal relaxation is also referred to as the spin-lattice relax-

ation. However, the dipolar field is significantly lower and can be thus treated as
a small perturbation to the static magnetic field (e.g. for hydrogen nuclei the mag-
nitude of a dipolar field at a distance 0.2 nm is 2·10−4 T). For better understanding it
is useful to define a classical scalar magnetic field Be(t) affecting the resonating nu-
cleus and bearing information on random rotational and translational movements
(Brownian motion). For large time scales there is no correlation of the movement;
however, for shorter time scales the level of correlation with previous time points
is high. To capture this behaviour, it is convenient to define the autocorrelation

function

G(τ) = 〈Be(t), Be(t +τ)〉, (2.7)

representing the mean time variation of the fluctuations of Be(t). For rotational and
diffusional molecular motions it is usually well described by an exponential decay
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with correlation time τc

G(τ) = G(0)e−
τ
τc . (2.8)

Considering that correlation times of various types of motions differ, the autocorre-
lation function can exhibit multi-exponential behaviour. Performing Fourier trans-
formation on G(τ) we obtain the frequency distribution of the time variations in
the effective field, i.e. the spectral density function

J(ω,τc) =

∫ +∞

−∞
G(τ)e−iωt dτ. (2.9)

For the autocorrelation function given by equation 2.8 and the spectral density func-
tion normalized as J(0,τc) = τc, the Lorenzian distribution of angular frequencies
can be derived

J(ω,τc) =
τc

1+ (ωτc)
2
. (2.10)

If we consider a system of two identical spins with four possible configurations in
the external magnetic field, either one or both spins can change their own orien-
tation from antiparallel to parallel by emission of an energy quantum of Larmor
frequency ω0 or 2ω0, respectively. By a fully quantum-mechanical calculation of
spin-lattice relaxation rate for dipolar interaction of two equal spins one can attain

R1 =
1
T1
=

3γ4
~

2µ2
0

160π2r6
(J(ω0,τc) + 4J(2ω0,τc)) , (2.11)

r being the distance between the two nuclei (Sattler, 2011b).

2.2.2 Spin-spin relaxation

After the rotation of nuclear magnetization to a transversal plane by a radiofre-
quency pulse, the spins are considered to precess coherently at Larmor frequency
around the direction of static magnetic field. However, due to a modulation of
local dipolar fields Be(t) in their surroundings the spins precess at slightly differ-
ent Larmor frequencies, which results in their dephasing and exponential decay of
the transversal component of magnetization

M⊥ = M⊥0e−
t

T2 . (2.12)

T2 is the transversal relaxation time.
Contrary to the longitudinal relaxation, not only stimulated transitions are al-

lowed, but also transitions keeping the energy of the system unchanged, i.e. when
the two spins pointing in opposite direction swap their respective orientations. For
this reason, the transversal relaxation depends on the spectral density function at
ω = 0 as well and is also referred to as the spin-spin relaxation. By the full
quantum-mechanical derivation of transversal relaxation rate it can be shown that

R2 =
1
T2
=

3γ4
~

2µ2
0

320π2r6
(3J(0,τc) + 5J(ω0,τc) + 2J(2ω0,τc)) . (2.13)

Nevertheless, the transversal relaxation rate can be further enhanced by inhomo-
geneities of macroscopic magnetic field (e.g. improper shimming of magnet coils or
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differences in susceptibility between various tissues). The accelerated transversal

relaxation time is denoted T2
∗ and can be expressed as

1
T ∗2
=

1
T2
+

1
T ′2

, (2.14)

where T2 and T ′2 stand for microscopic (dipolar) and macroscopic contributions,
respectively (Sattler, 2011b).

Methods of measuring transversal relaxation time T2

The detected decaying signal induced by M⊥ after the pulse applied on the system

of spins is denoted as free induction decay (FID) and decreases with t as∝ e
t

T∗2 .
When the FID fades away with dephasing of spins and if a π-pulse is applied at time
te after the initiating pulse, spins are refocused at time 2te giving rise to the spin

echo. The signal of spin echo takes the same form as FID; nevertheless, its inten-
sity evolves following equation 2.12 and can be thus applied for measuring the T2

relaxation time.
The study of the decaying intensity of spin echoes induced by a series ofπ-pulses

after the initiating excitation π
2 -pulse underlies the most extensively used methods

for studying T2: Carr-Purcell (Carr and Purcell, 1954) and the further enhanced
Carr-Purcell-Meiboom-Gill (CPMG) (Meiboom and Gill, 1958). The difference
between these two methods originates in the choice of the axis of spin rotation
during the π-pulses. Let us assume that the spins are rotated by the π

2 -pulse from
the initial position parallel to z′ to the x ′ y ′ plane so that M ‖ y ′ (primes label
the coordination system in the rotating reference frame). While the Carr-Purcell
sequence employs π-pulses rotating around the y ′-axis and cumulates thus errors
caused by imprecise setting of pulses, the CPMG sequence rotates spins around
the x ′-axis and thereby eliminates the error from incorrect setting with every second
pulse.

Another widely used method employed in MRI is the gradient echo sequence.
The spins are dephased and rephased through a set of opposite magnetic gradient
fields producing an echo. Since the rephasing π-pulse is missing, the gradient echo
sequence depends on T2

∗ instead of T2.

2.3 Magnetic resonance imaging

MRI has become one of the most important non-invasive imaging techniques for
diagnostics in the clinical praxis. Not only is it able to provide detailed anatomi-
cal information on living organisms with high resolution, but it is also suited for
functional and physiological research.

The main idea forming the difference between NMR and MRI is employing gra-
dient magnetic fields during the aquisition of data. In general, linear gradient field
alongside any axis can be applied to modify the static field, resulting thus in corre-
sponding linear spatial dependence of resonance frequencies of spins. If we assume
the direction of the static field parallel to z-axis, the magnetic field applied during
the performance of MRI can be written as

B0(r) = B0(0) +Gz · r, (2.15)
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where Gz denotes the gradient magnetic field ∂ Bz/∂ r. As a result, one can ex-
cite any selected layer of spins by applying a pulse of the radiofrequency field B1

with the carrier frequencyω0 and bandwidth∆ω, with layer thickness correspond-
ing to change in Larmor frequency by field gradient by ±∆ω2 . The standard two-
dimensional imaging technique then consists of a series of gradient echoes obtained
in an applied readout gradient Gr while using a variable phase-encoding gradient Ge

applied along a perpendicular direction before the echo is obtained. If we assume
for simplicity Gr parallel with x- and Ge with y-axis, the recorded signal modulated
by relaxation is given by the following expression

S(t > τ) =

∫

sample

M(x , y)eiγτeGe y eiγ(2τ−t)Gr x e
− t

T2 dxdy, (2.16)

which represents the sum of contributions from all parts of the sample, τ being
the time of the gradient inversion in the gradient echo sequence and τe the time
duration of gradient Ge. After acquiring a two-dimensional array of data (a k-
space) where for each phase-encoding parameter τeGe the Fourier component of
the magnetization modulation along y-axis is recorded, it is possible to compute
a two-dimensional image by discrete inverse Fourier transformation of the data
(Nacher, 2009).

2.3.1 Contrast mechanisms

The resulting image obtained by any MRI method always reflects the actual 1H
magnetization distribution in the sample, in other words, the distribution of proton
density (PD). Since both water and fat contain high amount of 1H, the contrast gen-
erated solely by tissues is poor. However, the differences in composition of diverse
tissues result in various relaxation times T1 and T2, which open up new possibilities
for image contrast in MRI. The amplitude of the signal induced by the spin echo
depends on relaxation times as

S(t)∝ kρ
�

1− e
− TR

T1

�

e
− TE

T2 , (2.17)

where k is an instrumental proportionality factor and ρ is the proton density. By
choosing the right combination of the echo time (TE) and the repetition time (TR),
it is possible to extract the desired information from the image.

When using a short TE (less than 25 ms) and TR of the order of the longitudinal
relaxation time, the T1-weighting is achieved. The values of T1 typically range
from 40 ms in the liver to ∼ 100 ms in brain grey matter (Sattler, 2011b). For fat
has shorter T1 than water in normal tissues, it appears brighter in the image.

On the other hand, by applying a sequence with a sufficiently long TR (more
than 1500 ms) and long TE (more than 50 ms), T2-weighted image is generated.
When compared to the T1-weighted image, it appears to be inverted with water
brighter than fat.

For a basic overview of 1H density, both longitudinal and transversal magne-
tization ought to be approaching the equilibrium values; therefore a long TR and
a short TE are used to acquire the PD-weighted image. For demonstrative exam-
ples of different types of image weighting along with the pictorial explanation of
contrast which stems from the difference in relaxation times see 2.1.
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Figure 2.1: The section of brain in the transversal plane - demonstration of var-
ious types of MRI contrast: a) T1-weighted image, b) T2-weighted image, c) PD-
weighted image (weighted by proton density). The graphs indicate the origin of
contrast between the white and grey matter, and the cerebrospinal fluid (CSF),
showing the evolution of their respective longitudinal (in the middle) and transver-
sal (right) components of magnetization with time. Brain images were adapted
from Brown et al. (2014), graphs from Prince and Links (2006).

2.4 Relaxivity of MRI contrast agents

Although it is possible to distinguish various types of tissues in MRI images, the con-
trast resulting solely from the composition of tissues is not always sufficient. There-
fore, contrast agents are introduced to the organism prior to the examination, which
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enhances image contrast through shortening of T1 or T2 relaxation times of 1H in
their surroundings. Considering the different types of weighting of MRI images,
shortening of relaxation times leads to positive contrast — increase in signal inten-
sity — in the case of T1-weighted imaging, and to negative contrast in T2-weighted
imaging. Contrast agents facilitate thus not only early detection of various patho-
logical changes in the body or better definition of tumour delineation (Toy et al.,
2014), but they also enable tracking of labelled cells in vivo through cellular or
molecular imaging (Ahrens and Bulte, 2013; Vuong et al., 2012) or indication of
biological processes in the tissue (Tu et al., 2011; Louie, 2013).

To the most widely studied materials for MRI contrast enhancement appertain
organic molecules containing a paramagnetic metal ion (e.g. chelate complexes
containing Gd3+, Dy3+, Mn2+ or Fe3+; Xiao et al., 2011) particularly successful in T1-
weighted imaging, and superparamagnetic nanoparticles based on γ-Fe2O3/Fe3O4

(superparamagnetic iron oxide – SPIO, ultra-small superparamagnetic iron oxide –
USPIO; Gupta and Gupta, 2005) suited for T2-weighted imaging. The acceleration
of proton relaxation near the contrast agent is usually attributed to fluctuations of
magnetic dipolar interaction between proton spins and electronic spins of the para-
magnetic contrast agent, or the magnetic moment of a nanoparticle (Vuong et al.,
2012).

The use of contrast agents in clinical praxis raises considerable safety concern
since most magnetic compounds artificially introduced to the organism are toxic.
For this reason, a delicate balance between the toxicity and image enhancement
needs to be found. Despite the iron-based nanoparticles being relatively safe, it
is disputable for examining specialists whether the negative contrast appeared in
the T2-weighted image was induced by them or had any other (e.g. instrumen-
tal) cause (Sattler, 2011b). For this reason, Gd-based contrast agents keep their
popularity among the specialists for they induce unequivocal positive contrast in
the T1-weighted images, even though gadolinium is highly toxic and accumulates
in the brain of examined subjects (Kanda et al., 2015) as well as in the environment
(Kulaksiz and Bau, 2011).

2.4.1 Concept of relaxivity

The contrast agent efficacy is quantified by its relaxivity ri, describing how the orig-
inal relaxation rate Ri,0 of 1H in pure medium (usually water) was changed by in-
troducing the contrast agent at given concentration c:

Ri = Ri,0 + ric, (2.18)

where i ∈ {1, 2} for longitudinal and transversal relaxation, respectively. Relaxivity
is expressed in units s−1.mmol−1.dm3 (often abbreviated as s−1.mM−1) and is usu-
ally recalculated to concentration of the corresponding magnetic ion in the contrast
agent (for example to cFe in the case of γ-Fe2O3). As a parameter characterising both
the material properties of the contrast agent and its interaction with surrounding
protons, the relaxivity depends on numerous factors: the temperature and compo-
sition of solvent, magnitude of the external magnetic field, concentration range of
the contrast agent, further on the size, magnetic moment, aggregation and the type
and thickness of coating of the nanoparticles or the number of water 1H nuclei
bound to the compound containing paramagnetic ion etc.
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From the magnitude of the r2/r1 ratio it is possible to assess, whether the con-
trast agent is applicable for T1-weighted imaging (r2/r1 < 5) or T2-weighted imag-
ing (r2/r1 > 5).

Due to the primary focus of this study on analysis of the relaxivity of magnetic
nanoparticles, i.e. contrast agents suited for T2-weighted imaging, further text deals
with models aiming at describing the influence of MNPs on T2-relaxation of sur-
rounding protons.

2.4.2 Transversal relaxivity of magnetic particles

When studying the relaxivity of particles, it is appropriate to formulate certain as-
sumptions. Firstly, under the assumption that the diffusion of water molecules is
much faster than the Brownian motion of the MNP, it is possible to define the dif-

fusion correlation time τD of water near the nanoparticle as

τD =
d2

4D
=

r2

D
, (2.19)

d and r being the diameter and the radius of the nanoparticle including its coat-
ing material, respectively, and D the self-diffusion coefficient of water. τD denotes
the time needed for the water molecule to diffuse a distance equal to

p
2

2 d in any
direction (in three-dimensional space). Secondly, to describe the change in the Lar-
mor frequency of 1H in the surroundings of the nanoparticle, let us consider the z-
component of the particle dipolar field (in spherical coordinates R,θ):

∆Bz(θ , R) =
µ0M r3

c

3
3 cos2 θ − 1

R3
, (2.20)

M the volume magnetization of the magnetic core and rc its radius. The shift in
Larmor frequency of 1H caused by the particle is then ∆ω(θ , R) = γ∆Bz(θ , R). For
a rough estimate of ∆ω it is convenient to calculate its value

∆ω =

�

�

�∆ω
�

π

2
, rc

��

�

�=
µ0γM

3
(2.21)

at the equator of the magnetic core, or its value at the equator of a coated particle,
i.e. rescaled by r3

c
/R3 from relation 2.20 with R = r. Based on the comparison

of ∆ω and the characteristic frequency associated with the diffusion correlation
time 1

τD
, following relaxation regimes for protons near superparamagnetic contrast

agents are discussed in the literature (Carroll et al., 2010):

1. Motional averaging regime (MAR) (only when the Redfield condition
∆ω � 1

τD
is fulfilled; Roch et al., 1999). Water molecules diffuse rapidly

around the particle, experiencing thus a broad range of fast changing mag-
netic fields, which are effectively time averaged. The contribution of MNP to
the transversal relaxation rate of 1H is then

R∗2,MAR = R2,MAR =
16
45

f τD(∆ω)
2 (2.22)

where f = V (particles/V ) is the volume fraction occupied by the particles
in the suspension After recalculation to the metal ion concentration cM using
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the molar mass of the material per formula unit Mmat and its density ρmat

f

cM
= νmat =

Mmat

υρmat
, (2.23)

where υ= cM/cf.u. denotes the number of magnetic metal atoms (usually Fe)
in the formula unit, the relaxivity yields

r2,MAR =
R2,MAR

cM
=

4d2(∆ω)2νmat

45D
=

4d2γ2µ2
0M2νmat

405D
. (2.24)

This model is inspired by the outer-sphere relaxation developed for the para-
magnetic contrast agents.

2. Static dephasing regime (SDR) (for larger particles where ∆ω >
p

3π
2

1
τD

;
Yablonskiy and Haacke, 1994; Roch et al., 2005). In this regime, any wa-
ter molecule explores only a small space in comparison to the hydrodynamic
volume of the particle. Since water protons can be considered virtually qua-
sistatic, they experience non-averaged variations in local magnetic fields.
The transversal relaxation rate is derived under the assumption of its propor-
tionality to the dephasing induced by Larmor frequency dispersion of water
protons

R∗2,SDR =
2π

3
p

3
f∆ω, (2.25)

the corresponding relaxivity is then

r∗2,SDR =
2π

9
p

3
γµ0Mνmat. (2.26)

The SDR model intended for MRI does not take into consideration the effect
of refocusing pulses used in all T2 measurement sequences. For this reason,
equations 2.25 and 2.26 are exact only for R∗2 and r∗2 , respectively. Nonethe-
less, they provide a good approximation of R2 and r2 for 5

τD
< ∆ω < 20

τD

(Vuong et al., 2012). Moreover, the rates predicted by SDR yield the highest
achievable values for a given volume fraction and a particle equatorial field.

3. Partial refocusing model (PRM) (Gillis et al., 2002). If the diffusion cor-
relation time of water molecules is shorter than the echo time τD < 2τC P in
the employed measurement sequence, the refocusing of proton magnetic mo-
ments is inefficient, R∗2 and R2 are equivalent. However, if it is not the case,
one encounters partial refocusing of proton moments, resulting in decrease
of R2 with respect to R∗2. PRM, also referred to as echo limited regime (ELR) is
based on a spatial division of the outer region relatively far from the particle,
where the refocusing pulses are efficient and the Redfield condition is ful-
filled, and the inner region, where the magnetic field gradients are too strong
for refocusing to occur. The model results in the analytical formula for R2 in
the form (Carroll et al., 2010)

R2,PRM =
7.2 f Dx

1
3 (1.52+ f x)

5
3

d2
, where x =∆ωτC P , (2.27)

while R∗2 is given by the same expression as in SDR 2.25.

19



As indicated by these three regimes, for a given volume fraction of superparamag-
netic particles the transversal relaxation rate is expected to initially increase with
increasing particle size (MAR for τD < 2τC P), reaching maximum dSDR at the tran-
sition to SDR

dSDR =

�

5πD
p

3
2∆ω

�
1
2

. (2.28)

With further increase in the particle diameter, the relaxation rate keeps this value
up to another critical diameter

dPRM =

�

1.49 f Dx
1
3 (1.52+ f x)

5
3

∆ω

�
1
2

, with x =∆ωτC P . (2.29)

In the case of bigger particles with d > dPRM, R2 decreases as ∝ 1/d2. The be-
haviour of the relaxivity r2 predicted by these models was nicely depicted in the pa-
per by Carroll et al. (2010), see figure 2.2.

Moreover, further extensions of the discussed models have been proposed, deal-
ing mostly with the aggregation of particles (e.g. Roch et al., 2005; Matsumoto and
Jasanoff, 2008; Vuong et al., 2011) or the shape of clusters (Vuong et al., 2011).

Nevertheless, even theoretical models striving for capturing the r2 relaxivity
were adopted from paramagnetic models focusing on describing r1 of Gd-chelates.
No satisfactory quantitative agreement between theory and experimental data has
been achieved yet, despite the fact, that data of r1 relaxivity are well described by
the same models (Gossuin et al., 2016). Another aspect complicating the analysis
of r2 relaxivities is the experimental difficulty to acquire the R2 data, in contrast to
experimentally accessible and widely available R1 data from the nucear magnetic
relaxation dispersion (NMRD) profiles.

Figure 2.2: Plot of the transverse relaxivity r2 predicted by MAR, SDR and PRM
models, versus particle diameter and specific magnetization. The boundary be-
tween SDR and PRM corresponds to τC P = 1 ms. In the plot of r∗2 , the relaxivity in
the range of diameters lying within the PRM regime would keep the same value as
in SDR. Adapted from Carroll et al. (2010).

New models considering magnetocrystalline anisotropy

Almost all investigators modelling the effect of MNPs on proton transversal relax-
ation times considered exclusively superparamagnetic nanoparticles. Nevertheless,
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new attempts to describe the relaxation induced by MNPs with high magnetocrys-
talline anisotropy have been recently presented (Lévy et al., 2013; Rollet et al.,
2016). In contrast to the previous models, the general model developed by these
authors considers a classical magnetic moment of the MNP and takes into account
its dynamical behaviour. Moreover, the model is expected to describe the relaxation
induced not only by MNP in the superparamagnetic regime, but also in the frozen
state (rigid dipole regime). For the calculations are presented in detail in the above-
mentioned papers, let us focus on main points of the model.

Let us assume a magnetic particle with diameter d, classical magnetic moment
µ characterised by a solid angle Ωµ, and uniaxial magnetic anisotropy (constant K)
with the anisotropy axis np associated with a solid angle Ωn, as depicted in figure
2.3.

Figure 2.3: Illustration
of a water molecule dif-
fusing in the vicinity of
a magnetic particle, ex-
periencing various mag-
nitudes of the fluctuating
magnetic field created by
the particle. Adapted
from Rollet et al. (2016)

The hamiltonian coupling np and µ in an external magnetic field B0 is then

U(Ωµ,Ωn) = −µ ·B0 − KVm

(µ · np)
2

|µ|2 , (2.30)

Vm being the volume of magnetic portion of the particle (i.e. without non-magnetic
coating). Dipolar interaction of 1H magnetic moment µH with moment of the MNP
is considered as a stationary perturbation to the interaction of µH with B0. After
protracted calculation, the formula for transversal relaxation rate can be written as
follows:

R2(ωI) = C + V (ωI)

C =
(µ0γ)

2

135π

�

2N

Dd

�
�

3µ⊥2 Re

�

g

�√

√τD

τ⊥

��

+

+ 4
�

µ‖2 −µ‖2
�

Re

�

g

�
√

√τD

τ‖

��

+ 4µ‖
2

�

V (ωI) =
(µ0γ)

2

135π

�

2N

Dd

�
�

7
2
µ⊥2 Re

�

g

�√

√

iωIτD +
τD

τ⊥

��

+

+ 3
�

µ‖2 −µ‖2
�

Re

�

g

�
√

√

iωIτD +
τD

τ‖

��

+ 3µ‖
2 Re
�

g
�p

iωIτD

�

�
�

(2.31)

where the upper line represents the classical average over a statistical ensemble (or
equivalently over all possible system histories), N denotes the number of particles
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in a unit volume, µ‖ and µ⊥ are the longitudinal and transversal component of
particle magnetic moment at the initial statistical time t = 0, respectively, whose
relaxation is characterised by relaxation times τ‖ and τ⊥ associated with the initial
configuration; g is a function of complex variable

g(x) = Re





1+ x
1
2

4

1+ x
1
2 + 4x

9 +
x

3
2

9



 .

For MNP with hamiltonian 2.30, three typical correlation times are to be taken
into consideration: apart from the Néel relaxation time τN (see equation 1.2, EB =

KVm) and the Brown relaxation time τB (see eq. 1.4), this model considers also
the damping time τp associated with the precession of µ around the effective mag-
netic field Be

Be = −
∂ U

∂ µ
= B0 + 2KVm

(µ · np) · np

|µ|2 . (2.32)

The damping time is a function of the initial configuration (Ωµ,Ωn at time t = 0)
and reads

τp =
2π

α|γe||Be|
(2.33)

with α is the damping factor used in the MNP Landau-Lifschitz-Gilbert equation
(for more details see Răıkher and Shliomis, 1994) and |γe| the absolute value of
electronic gyromagnetic ratio. The damping factor takes account of fluctuations of
magnetic moment orientation in the crystal lattice and related energy dissipation
through vibrational modes.

The appropriate choice of transversal and longitudinal correlation times then
results from the mutual comparison of the magnetic anisotropy energy of MNP
and the energy of thermal fluctuations. Let us consider following asymptotic cases
(Răıkher and Shliomis, 1994):

(a) Weak anisotropy (KVm § kB T). Magnetic anisotropy is comparable to ther-
mal fluctuations — thermal fluctuations can either overcome the energy bar-
rier inducing Néel relaxation, or are too small and merely move the magnetic
moment from the equilibrium in its potential well, causing µ to relax with
the damping time τp. In such case, np and µ are weakly coupled, τN and τB

are in the same order of magnitude and

τ‖ =
τNτB

(τN +τB)
and τ⊥ =

τpτB

(τp +τB)
(2.34)

(b) Strong anisotropy (KVm� kB T). MNP is in the frozen state, then τN � τB.
Furthermore, np and µ are strongly coupled resulting in sharing the same
Brownian dynamics. In this case,

τ‖ =
d lnL (ξ)

d lnξ
τB and τ⊥ =

2L (ξ)
ξ−L (ξ)τB, (2.35)

where L (ξ) = coth(ξ)− 1/ξ is the Langevin function and ξ = µB0/kB T its
argument.
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To discriminate between the aforementioned cases, it is useful to assess the mag-
nitude of the ratio P = τN/τB. More precisely, one considers the relations 2.34 for
P < 10 and rel. 2.35 for P > 10.

For a MNP in a high magnetic field (i.e. for a high value ofωI), the only impor-
tant contribution to R2(ωI) in eq. 2.31 is the third term of C:

R2(ωI) =
(µ0γ)

2

135π

�

2N

Dd

�

[4µ2]. (2.36)

Considering the molar concentration of metal cM, the ratio r2(ωI) = R2(ωI)/cM can
be rewritten as

r2(ωI) =
4d2µ2

0γ
2M2νmat

405D
. (2.37)

This asymptotic evolution yields the same result as r2,MAR (see eq. 2.24).
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3. ε-Fe2O3

3.1 Polymorphs of iron(III) oxide

Iron(III) oxide is a polymorphic compound, which means that it can exist in various
solid phases with the same chemical composition but different crystal structure re-
sulting in distinct physical properties. Until now, five crystalline polymorphs have
been identified under ambient conditions (structural information adapted from
Machala et al., 2011, unless otherwise stated):

(i) α-Fe2O3 (haematite), the most common and stable polymorph with a rhom-
bohedrally centred hexagonal crystal structure of corundum type, R3̄c space
group and lattice parameters a = 5.036 Å and c = 13.749 Å;

(ii) β-Fe2O3, a rare polymorph existing only in a nanosized form, with a cu-
bic body-centred crystal structure of bixbyite type, crystallizing in Ia3̄ space
group with a = 9.393 Å;

(iii) γ-Fe2O3 (maghemite), the second most common polymorph with a cubic crys-
tal structure of an inverse spinel type, P4132 space group with a = 8.351 Å
and vacancies disordered over the octahedral cation sites in the crystal lattice;

(iv) ε-Fe2O3, similarly to β-Fe2O3 a nanosized polymorph with rare natural oc-
currence, orthorhombic crystal structure, crystallizing in Pna21 space group
with lattice parameters a = 5.102 Å, b = 8.781 Å and c = 9.466 Å (Sakurai
et al., 2005);

(v) the recently reported ζ-Fe2O3, the first monoclinic polymorph of iron(III)
oxide stable under ambient conditions, formed during high pressure treat-
ment of β-Fe2O3, with I2/a space group and lattice parameters a = 9.683 Å,
b = 10.00 Å and c = 8.949 Å (Tuček et al., 2015).

All iron(III) oxide polymorphs easily transform in response to heating or pressure
treatment, usually forming α-Fe2O3 which is the most thermodynamically stable
phase of Fe2O3 under ambient conditions. While α-Fe2O3 and γ-Fe2O3 can be widely
found in nature (hence the mineralogical names), and due to their stability it is
possible to select the suitable synthetic route to prepare the desired morphological
form, the stability of the rare metastable polymorphs β-Fe2O3 and ε-Fe2O3 depends
on the nanodimensional character of their particles (Tuček et al., 2015).

3.2 ε-Fe2O3

For its low surface energy, the dark brown polymorph ε-Fe2O3 exists only
in nanocrystalline forms. It has been prepared in three morphological forms (Tuček
et al., 2010): nanoparticles (in sizes ∼ 10 − 200 nm), nanorods and nanowires
with typical width ∼ 10− 120 nm and length more than 200− 800 nm (Jin et al.,
2004; Sakurai et al., 2008; Ohkoshi et al., 2016); or epitaxial films with thickness
∼ 100 nm (Gich et al., 2010). Nanorods of ε-Fe2O3 were recently reported to be-
have as rod magnets (Ohkoshi et al., 2016). The character of the size distribution
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of nanoparticles and nanorods is tightly connected with the employed synthesis
route. Due to its thermodynamic metastability, it is difficult to prepare ε-Fe2O3 in
a pure form without admixtures of other iron(III) oxide polymorphs. A widely re-
spected synthesis method to achieve high phase purity employs the mesoporous
silica template, which prevents the aggregation of particles and provides the space
confinement during their growth enhancing thus their thermal stability (Brázda
et al., 2014).

In the ε-Fe2O3 structure (see figure 3.1), the iron atoms occupy four crystallo-
graphically inequivalent cation sites: three different octahedral sites (FeD01, FeD02,
FeRO) and one tetrahedral site (FeT), determining the magnetic behaviour of the ma-
terial. Each of the four inequivalent magnetic sublattices exhibits different tem-
perature dependence (Tuček et al., 2010). The material is ferrimagnetic at room
temperature, with relatively low saturation magnetization ∼ 17 A.m2.kg−1 and gi-
ant coercive field ∼ 2 T ascribed to its high magnetocrystalline anisotropy ∼ (2−
5).105 J.m−3 (Jin et al., 2004; Tseng et al., 2009). It undergoes a transition to
the paramagnetic state at Curie temperature∼ 490 K, and a two step magnetic tran-
sition in the temperature range 100−150 K accompanied by a small change in lattice
parameters and high decrease in coercive field (Kohout et al., 2015; Popovici et al.,
2004). When cooled to 150 K, a spin reorientation transition occurs in ε-Fe2O3,
followed by the transition of Fe3+ ion from the high spin to the intermediate spin
state (Kohout et al., 2015). Also, coupling of the magnetic and dielectric properties
of ε-Fe2O3 was reported (Gich et al., 2006a), demonstrating thus its multiferroic
character.

Figure 3.1: The crystal and magnetic structure of ε-Fe2O3. The cation sites are
distinguished by various patterns, the size and orientation of the magnetic moment
related to each site is indicated by an arrow. Adapted from Gich et al. (2006b).

The high coercive field and multiferroic behaviour suggest the enormous ap-
plication potential of ε-Fe2O3 as a functional magnetic material, especially for ap-
plications in need of materials with considerable magnetic hardness (e.g. in stor-
age media, or devices controlled by external magnetic or electric field Tuček et al.,
2010).

3.2.1 Other materials derived from ε-Fe2O3

The magnetic and electric properties of ε-Fe2O3 can be further modified by substi-
tuting various trivalent ions for a fraction of iron atoms.

Rhodium-substituted ε-Fe2O3 (ε-RhxFe2−xO3) exhibits the coercive field up to
∼ 3.1 T, the largest value among metal-oxide-based magnets which is comparable
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to those of rare-earth magnets (Namai et al., 2012). Moreover, it manifests electro-
magnetic wave absorption with the highest resonance frequency (up to 209 GHz)
among the known magnetic materials (Namai et al., 2012). Indium-substituted
ε-InxFe2−xO3 is the first example of a pyroelectric material displaying a phase transi-
tion between ferrimagnetism and antiferromagnetism (Sakurai et al., 2007).
Gallium-substituted ε-Ga0.5Fe1.5O3 has attracted considerable attention since
its absorption frequency in the range of millimetre waves corresponds well
to the automotive radar frequency of 76 GHz (Ohkoshi et al., 2017).

Another material studied for its high-frequency resonance with electromagnetic
waves of millimetre wavelengths is aluminium-substituted ε-AlxFe2−xO3. Owing to
the smaller ionic radius of Al, the lattice parameters decrease with increasing con-
centration of Al atoms. Furthermore, the Curie temperature and room-temperature
coercive field were found to decrease, while the room-temperature magnetization
was enhanced. As the third most abundant element, aluminum represents a very
economical substituent, making thus this class of materials favourable for industrial
applications (Namai et al., 2009; Yoshikiyo et al., 2012; Tuček et al., 2010).
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4. Experimental details

The examined samples are labelled according to the following key:

• The formula ε-Fe2−xAlxO3 reflecting the chemical composition of the samples
is shortened to "ε-FeAl".

• The type of surface modification is specified after the hyphen "-". Samples
coated with silica are labelled by "s" followed by the thickness of silica coat-
ing in nanometers as determined from the transmission electron microscopy
analysis (i.e. ε-FeAl-s06 denotes nanoparticles of ε-Fe2−xAlxO3 encapsulated
in silica of thickness ∼ 6 nm). Citrated sample can be recognized by "cit",
while particles without any type of coating are labelled by "bare".

4.1 Preparation of samples

4.1.1 Synthesis of nanoparticles

Our synthesis of ε-Fe2−xAlxO3 nanoparticles was based on published procedures
for preparation of mesoporous silica (Zhao et al., 1998) and its impregnation by
iron nitrate solution (Delahaye et al., 2006). It was aimed to achieve chemical
composition with x = 0.25. Briefly, it consisted of following steps:

1. Preparation of the mesoporous silica SBA-15 template. In total 12.0 g of
PEG-PPG-PEG triblock co-polymer consisting of poly(ethylene oxide) – PEO
and poly(propylene oxide) – PPO (P123) (average relative molecular mass
Mr ≈ 5800) was dissolved in 360 ml of 2 M HCl and 90 ml of water at 40 ◦C.
After a day of stirring, 25.5 g of tetraethoxysilane (TEOS) was added dropwise
during one hour. The following day, the temperature was raised to 75 ◦C,
and the reaction was kept proceeding for three more days. The product was
filtered and washed eight times. The white solid was dried for two days at
60 ◦C and then calcined at 500 ◦C for 10 hours. The period of the hexagonal
packing of the pores was 11.1 nm.

2. Impregnation of the silica template with the solutions of iron and alu-

minium nitrate. The impregnation solution had concentration of metal ions
equal to 2 M with molar ratio Al:Fe equal to 1:7. The sources of metal ions
(Fe(NO3)3 · 9 H2O and Al(NO3)3 · 9 H2O) were dissolved in water at 50 ◦C.
3.2 ml of the impregnation solution was introduced dropwise into the stirred
suspension of 4.0 g of SBA-15 matrix in hexane heated to 50 ◦C. After a day,
the stirring was terminated, the product was decanted and evaporation of the
remaining hexane was carried out. The product was dried overnight at 80 ◦C.

3. Thermal treatment. The sample was annealed at 1100 ◦C for four hours.

4. Removal of the template and preparation of water suspension. The sil-
ica template was removed by alkaline hydrolysis in concentrated solution of
NaOH. The particles were collected by centrifugation and were thoroughly
washed by the same NaOH solution and thereafter by water. The purified
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product was dispersed in water at a concentration of particles ∼ 9 mg.ml−1

(further denoted as "parent" suspension).

4.1.2 Coating of nanoparticles with silica

A part of ε-Fe2−xAlxO3 nanoparticles prepared as described in section 4.1.1 was
further coated with amorphous SiOx(OH)y (silica) according to following steps
(dereived from the synthesis of silica partricles by Stöber et al., 1968):

1. Calculation of TEOS volume.The calculated total mass of nanoparticles in
suspensions for subsequent encapsulation was used to determine the amount
of TEOS to obtain the desired thickness of silica coating. The following vol-
umes of TEOS were used to obtain various thickness of silica coating (for
∼ 47.5 mg of particles, i.e. ∼ 5.3 ml of parent suspension):

Sample TEOS [μl] Silicaa [nm]

ε-FeAl-s06 160 5.5
ε-FeAl-s10 400 9.8
ε-FeAl-s17 820 16.7
ε-FeAl-s21 1640 20.6
a Resulting thickness of silica coating determined from transmission

electron microscopy, as mentioned later.

2. Stabilization of nanoparticles by citrate. After centrifugation of the parent
suspension (14 000 rpm with centrifuge rotor radius 7.7 cm, 30 min, super-
natant removed), the particles were dispersed in ice-cold 0.1 M citric acid
and treated by ultrasound for 10 min. Again, separation by centrifugation
followed (14 000 rpm, 5 min, sup. removed).

3. Washing cycle I. The particles were washed in water using ultrasound bath
until the dispersion of particles, and separated by centrifugation (14 000 rpm,
15 min, sup. removed).

4. Preparation of reaction mixture. The particles were dispersed in water
(10 ml) and alkalised with three drops of ammonia by means of a probe-like
ultrasonicator. The suspension after sonication was then added dropwise to
the flask with reactive mixture (10 ml of 24 % ammonium hydroxide, 150 ml
of 96 % ethanol, 40 ml of water) equipped with a Teflon stirrer and tempered
in an ultrasound bath at 47 ◦C. After 5 min, the volume of TEOS calculated in
step 1 was added to the mixture. The ultrasound was turned off after 45 min
and the reaction mixture was kept in the tempered bath for approximately
18 hours.

5. Washing cycle II. The reaction mixture was centrifuged in 5 × 50 ml tubes
(7750 rpm with centrifuge rotor radius 10.4 cm, 90 min, sup. removed). The
particles were dispersed in 96 % ethanol using ultrasound and transferred
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into 2 tubes. A few washing cycles followed: 2× by 40 ml of ethanol and 3×
by 40 ml of water, centrifuged after each treatment (7750 rpm, 60 min).

6. Fractionation. The particles were diluted by 120 ml of water and shortly
sonicated. The removal of heavy fraction was carried out by differential cen-
trifugation in 3 × 50 ml tubes at 2000 rpm for 15 min. The supernatant was
collected as the final product, whereas the residue was discarded.

4.1.3 Stabilization of nanoparticles with citrate

Sample labelled ε-FeAl-cit was stabilised solely by chemisorption of citric acid which
was subsequently converted to citrate. The stabilisation procedure was similar to
the one described in the previous section 4.1.2:

1. Stabilization by citrate. After separation of bare particles from 1 ml of the
parent suspension (14 000 rpm with centrifuge rotor radius 7.7 cm, 30 min,
sup. removed), the particles were dispersed in ice-cold 0.1 M citric acid and
treated by ultrasound for 5 min.

2. Washing cycle. After separation (14 000 rpm, 5 min, sup. removed), the par-
ticles were washed in water using ultrasound bath, and another separation
followed (14 000 rpm, 15 min, sup. removed).

3. Alkalization. 20 ml of water and three drops of ammonium were added to
the sediment and the mixture was dispersed by probe-like ultrasonicator for
30 min.

4. Size fractionation. The removal of heavy fraction was carried out by dif-
ferential centrifugation in 2 × 50 ml tubes at 2000 rpm with centrifuge rotor
radius 10.4 cm for 15 min. The supernatant was collected as the final product,
whereas the residue was discarded.

4.2 Fundamental characterisations

4.2.1 Composition and concentration of nanoparticles

The chemical composition of bare magnetic cores, i.e. the ratio of Fe : Al was de-
termined by means of X-ray fluorescence spectroscopy (XRF) on Eagle III μ-Probe
spectrometer with Rh-tube.

The X-ray powder diffraction (XRPD) using Cu Kα radiation was employed to
obtain the phase composition, crystal structure. The XRD patterns were measured
using the Bruker D8 Advance diffractometer in the Bragg-Brentano geometry and
analysed by the Rietveld method using FullProf.2k (Version 5.9) software
(Rodríguez-Carvajal, 2001; Roisnel and Rodríquez-Carvajal, 2001). The instrumen-
tal profile was ascertained from a strain-free tungsten powder with a crystallite size
of 9.4 μm.

The concentration of iron in aqueous solutions was derived from inductively
coupled plasma mass spectrometry (ICP-MS) analysis using an Elan DRC-e (Perkin-
Elmer). Aliquots of suspensions weighed on analytical scales were successively
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Table 4.1: Overview of the parameters computed from the log-normal fit 1.6 of
equivalent particle diameter distributions (adapted from Zender, 2015)

Symbol Value Comments

d̄ d0 e
σ2
2 mean diameter

SD d̄
p

(eσ2 − 1) standard deviation of the mean diameter

RSD SD
d̄
=
p

(eσ2 − 1)
relative standard deviation of the mean,

coefficient of variation
PDI RSD2 = eσ

2 − 1 polydispersity index, dispersivity
d̂ d0 e−σ

2
mode diameter (maximum of the distribution)

d̄V d0 e
7
2σ

2
volume-weighted mean diameter

treated by HF, the mixture of HF and HNO3, and finally to HNO3. Silicon was
removed during decomposition of sample as volatile SiF4. The final solution for
the ICP-MS measurement was prepared in 2 % HNO3 matrix. The determined con-
centrations were verified through analysis of iron by the atomic absorption spec-
troscopy (AAS) with flame atomization at wavelength 248.3 nm using the standard
addition method.

4.2.2 Nanoparticle sizes

Transmission electron microscopy (TEM) was carried out on Philips CM 120 with
accelerating voltage of 120 kV and LaB6 cathode to assess the morphology and size
of the particles. The samples were prepared on carbon-coated copper grids by evap-
oration of a thin film of diluted suspension of particles. Bright field TEM images
shown later in figure 5.5 were analysed using NIS-Elements software (Nikon In-
struments Inc., Melville, USA). The sizes of magnetic cores, coated nanoparticles as
a whole and the thickness of silica were collected and analysed separately, a cutout
from an analysed image is given in figure 4.1 as an example. The log-normal dis-

tribution of particle sizes was assumed

P(d) =
1p

2πσd
e−

ln2
�

d
d0

�

2σ2 , (1.6)

where d denotes the equivalent diameter, i.e. the diameter of a spherical particle
having the 2D projection of the same area as the corresponding particle in the anal-
ysed TEM image; d0 is the median of equivalent diameters,σ the standard deviation
of ln d. To enhance the understanding of the system, other statistical parameters
were computed from d0 and σ; for employed formulas see Table 4.1.

The thickness of silica coating l was fitted by the normal distribution with pa-
rameters l0 (mean thickness) and σg (standard deviation of the mean):

P(l) =
1p

2πσg

e
− (l−l0)

2

2σ2
g . (4.1)
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Figure 4.1: Detail
of a TEM image of
ε-FeAl-s10 analyzed
manually with NIS
software; light green
and blue lines circum-
scribe magnetic cores
of the particles, dark
green lines surround
coated particles and
their clusters, and red
line segments show
the silica thickness.

The hydrodynamic size of coated particles dDLS was probed by dynamic light
scattering (DLS) in water suspension at 25 ◦C on Malvern Zetasizer Nano S with
4 mW laser of wavelength 633 nm. Although no dependence of dDLS on the concen-
tration of suspensions was found (checked for the sample ε-FeAl-s21 in the range
of concentrations from 0.002 mM to 2.41 mM), the probed samples were diluted to
similar concentrations ∼ 0.25 mM.

4.2.3 Magnetic properties and hyperfine interactions

Magnetic properties of bare and coated particles were studied in DC fields by SQUID
magnetometry using a Quantum Design MPMS XL 7T and VSM module of PPMS
14T system. Before the measurements, coated samples were subjected to an iden-
tical drying procedure at 105 ◦C under normal pressure. For most magnetic mea-
surements, the samples were prepared in the form of compacted powders; however,
the measurement of hysteresis curves of bare sample was carried out on highly com-
pacted dispersions of particles in superglue to prevent the particles from rotational
movements in the magnetic field. Careful demagnetization of the magnet MPMS
XL 7T was carried out by repeatedly using the reset function prior to the zero-field-
cooled/field-cooled (ZFC/FC) measurements. Since this option is not possible for
PPMS 14T, the residual field was minimized by applying the so called oscillate mode
of approach to zero field, typically starting at 0.5 T. The samples were demagnetized
in 250 ◦C prior to the ZFC/FC measurements in SQUID.

Hyperfine interactions in iron and the influence of aluminium doping were ex-
amined by Mössbauer spectroscopy (MS). Transmission spectra were acquired with
a 57Co/Rh source with constant acceleration in zero external magnetic field, cali-
bration of velocities and isomer shifts were related to α-Fe at room temperature
23 ◦C. Spectra were analysed using CONFIT software (Žák and Jirásková, 2006).

4.3 Relaxometry

To obtain relaxivities r2 of the samples in various external magnetic fields, spin-spin
relaxation times T2 of the suspensions were measured employing several NMR and
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MRI instruments, and thence various methods and parameters of the measurements
(for a basic overview of the instruments see table 4.2).

Table 4.2: Overview of instruments used in the relaxometric study

Instrument Type B0 [T]
1H ω0 [MHz]

Bruker Minispec 20mq relaxometer 0.47 20
Bruker Minispec 40mq relaxometer 0.94 40

Siemens Magnetom Avanto MRI scanner 1.5 64
Siemens Magnetom Trio MRI scanner 3.0 128

Bruker Biospec 47/40 USR
MRI experimental

scanner 4.7 200

Bruker Avance III HD 500MHz NMR spectrometer 11.75 500

B0 – the external magnetic field; ω0 – the Larmor frequency of 1H nuclei in corresponding
magnetic field

4.3.1 Magnetic field dependence

The procedure to obtain the relaxivity is lengthy and must be repeated for each
magnetic field. It can be summarised in following points:

1. For each examined sample, five aqueous suspensions of different concentra-
tions were prepared (further referred to as "subsamples" to facilitate the un-
derstanding).

2. The CPMG sequences were applied successively on all subsamples of exam-
ined suspensions. The signal from the subsample was collected in depen-
dence on the time t passed since the initial 90◦pulse; the intensity of the signal
being proportional to the amplitude of the transversal spin magnetization.

3. The experimental points related to the decreasing transversal magnetization
and consequently to the spin-spin relaxation time were fitted by the relation

A(t) = C + De
− t

T2 . (4.2)

to obtain the T2 values. C and D are parameters of the fit in this case.

4. The spin-spin relaxation rates R2 =
1
T2

were calculated and then plotted as
a function of concentration R2(c) for each sample.

5. The relaxivity r2 was received from the linear regression of the R2(c) data as
its slope.

The magnetic field dependence of relaxivity was measured at 23 ◦C and 40 ◦C, al-
though sometimes precise determination of temperature was hardly possible. All
suspensions were stirred and placed in an ultrasound bath prior to their measure-
ments.

In both relaxometers, the CPMG sequence was employed with echo time TE
= 2 ms, repetition time TR = 5 s and number of acquisitions (scans) equal to 16.
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The relaxation time was obtained by automatic fitting procedure implemented in
Minispec operating software. In Bruker Minispec 20mq relaxometer, the tempera-
ture was controlled by an external water bath and probed directly in the suspension
before and after each measurement. On the other hand, in Bruker Minispec 40mq
the default temperature was set to 40 ◦C, therefore the experiments in 23 ◦C was
performed with preliminary cooling the subsamples to 19 ◦C in an external wa-
ter bath, measuring in the relaxometer with shorter duration of the experiment
(4 scans, TE = 2 ms, TR = 5 s). The temperature change during the measurement
was estimated at 5 ◦C/30 s based on an experiment with water in a sample tube, in
which the tube with precooled water (20 ◦C) was inserted in the relaxometer and
the temperature was continuously monitored over 1 min.

In Siemens scanners, all subsamples were examined in Eppendorf tubes placed
in a polystyrene box inserted in a head coil. The series of 2D images were acquired
by a spin echo sequence with three different echo times: 6.7 ms (Avanto) / 8 ms
(Trio), 20 ms and 50 ms. The T2 relaxation times were gathered through an image
analysis by integrating the signal over each tube disk in the picture. The temper-
ature was roughly adjusted by a water bath of the desired temperature in the box
with the water level bellow the sample tubes. Therefore, only limited temperature
control was possible.

In Bruker Biospec experimental scanner, the subsamples were measured one by
one employing the CPMG sequence with TE = 6.72 ms and 128 or 256 scans ac-
cording to the relaxation rate of the corresponding subsample. The experiments in
23 ◦C were performed in the room temperature without further adjusting; however,
for experiments in 40 ◦C a "home-made" set-up with hot air flow was created, and
the temperature was monitored by a laboratory alcohol thermometer before each
measurement.

Bruker Avance III spectrometer enables acquisition of high-quality NMR spec-
tra. In order to reduce the radiation damping due to high volume of water present
in the suspensions, a small amount of the subsample (70 μl) was pipetted into
and spread in the interspace between two sample tubes. The deuterated tetra-
chloroethane C2D2Cl4 was inserted in the inner sample tube to provide the lock
signal. A modified CPMG sequence with a variable TE, TR = 15− 23 s and 8 scans
was employed. Spectra were analysed using Bruker TopSpin software, the exper-
imental points used to compute the T2 values were obtained from the intensity of
the water peak in the corresponding series of spectra. The area of the peak was as-
sumed to be less precise due to a peak of C2D2Cl4 overlapping with the water peak.
A reliable temperature control was achieved via heated airflow and thermocouple
in close contact with the sample.

4.3.2 Temperature dependence

The dependence of relaxivities r2 on temperature was measured merely in Bruker
Minispec 20mq relaxometer and Bruker Avance III spectrometer, the two instru-
ments offering a satisfactory level of temperature control. Only the most concen-
trated subsamples were used since the experiments were highly time-consuming,
and in the case of the relaxometer it is also very difficult to achieve exactly the same
conditions for measuring all subsamples. The contribution of the relaxation rate of
pure water in relation 2.18 was neglected for the experimental error of r2 is at least

33



by one or two orders of magnitude greater.

4.4 Cytotoxicity

The cytotoxicity of samples encapsulated in silica was examined through the quan-
tification of viability of cells incubated with nanoparticles. Following Fabryova
et al. (2014), fat tissue derived mesenchymal stem cells isolated from transgenic
luciferase expressing Lewis rats were seeded in a tissue flask and passaged to reach
sufficient amount. Then the cells were re-distributed to flasks (2 · 106 cells per
75 cm2 flask) and labelled by addition of 0.2 mM of f.u. suspensions of nanopar-
ticles. After 48 hours of incubation (37 ◦C, 5% CO2 atmosphere), the cells were
washed with phosphate-buffered saline and detached from the flask by addition of
5 ml of trypsin (0.05%, Thermo Fisher Scientific, Waltham, MA, USA). Trypsiniza-
tion was stopped by 10 ml of 10% fetal bovine serum after 5 minutes of incubation.
The cells were then washed out of the tissue flasks and centrifuged at 1500 rpm
for 5 min. The pellet was re-suspended in 5 ml of PBS and centrifuged once more
to remove the rest of the contrast agent from the buffer. The final cell pellet was
re-suspended in 0.5 ml PBS, and the cells "harvested" this way were counted in the
Burker chamber under a light microscope. Cell viability was assessed by using the
Trypan blue (Sigma Aldrich, USA) exclusion test. Trypan blue does not traverse
an intact cell membrane; therefore, only dead cells are stained. Cell viability was
calculated as a ratio of viable (uncoloured) to all cells. Nevertheless, the calculated
viability is related to adhered cells only and does not take into account differences
in proliferation or non-adhered cells lost by washing the flasks before detaching the
cells. For this reason, another more accurate parameter is provided:

gain=
number of "harvested" cells incubated with particles

number of "harvested" cells in control sample
· (viability). (4.3)

Considering the differences in cell proliferation and adhesion between the labelled
cells and the control, the gain enables thus a more realistic assessment of the cyto-
toxicity.

Moreover, the viability was verified also by bioluminiscence. Since living cells
used in the experiment express luciferase, adding luciferin into the medium results
in a biochemical reaction producing light solely in viable cells.
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5. Results and discussion

5.1 Characterisation of the samples

5.1.1 X-ray fluorescence spectroscopy

The chemical composition of bare particles of Fe2−xAlxO3 was determined from XRF
spectra to be 2− x = 1.77(1) of Fe, x = 0.23(1) of Al, a representative spectrum
is shown in figure 5.1 (top). XRF was performed also for samples encapsulated
in silica; however, due to overlapping peaks of Al (Kα at 1.486 keV) and Si (Kα at
1.740 keV) in the XRF spectrum, the composition cannot be determined accurately.
Therefore, the formula obtained for bare nanoparticles was assumed to be the same
for magnetic cores of all examined samples and was used for all calculations related
to the relaxometric experiments. The overview of atomic percents of Fe, Al and Si
in the samples determined from XRF analysis is given in table 5.1. The overlapping
peaks of Si and Al in coated samples are demonstrated for ε-FeAl-s21 in figure 5.1
(bottom), where also the decrease in intensity of Fe peaks is observable due to aug-
mented photon scattering in the silica coating. Furthermore, 2 % of Si was found
also in the bare sample, as apparent from figure 5.1, which might be attributed to
residual silica admixtures from the original silica template (the possibility of incor-
poration of Si into the crystal structure of the phase is tentatively disregarded).

Table 5.1: Atomic percent of Fe, Al and Si in the samples determined from XRF
spectra

atomic percent [%]
Fe Al Si

ε-FeAl-bare 86.7(7) 11.4(1) 1.9(7)
ε-FeAl-s06 45.4(5) 6.2(4) 48.4(4)
ε-FeAl-s10 29.1(3) 5(1) 66.4(8)
ε-FeAl-s17 17.4(4) 3(1) 79(1)
ε-FeAl-s21 9.0(1) 2.5(3) 88.4(2)
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an essentially collinear ordering of the moments in the core and a high level of
disorder in the surface shell of the particles. The same isomer shifts for the cor-
responding components in the shell and in the core were supposed, along with
a noncollinear canting of the spins in the shell.

Mössbauer spectra of both ε-Fe2O3 and ε-Fe1.77Al0.23O3 with the decomposition
to the contributions of core and shell for all non-equivalent cation sites is depicted in
figure 5.3; the results of isomer shift, quadrupole splitting and hyperfine magnetic
field on 57Fe nuclei are given in table 5.4.

When compared to the Mössbauer spectra of ε-Fe2O3 nanoparticles, the spec-
tra of ε-Fe1.77Al0.23O3 evince broadening of spectral lines due to wider hyperfine
field distribution caused by the presence of aluminium atoms in the immediate
surroundings of the 57Fe nuclei. From the decrease in intensity of the FeT compo-
nent it is apparent that Al atoms occupy preferably tetrahedral sites. The ratio of
intensities of individual site components FeD01 : FeD02 : FeRO : FeT is 1 : 1 : 1 : 0.51(3),
implying the concentration of Al in the tetrahedral site x = 0.24(1) per formula
unit ε-Fe2−xAlxO3 (when the same value of f-factor for all sites is assumed) and
verifying thus the results of the XRF analysis. Quadrupole shifts in the core FeD01,
FeD02 and FeT sites were slightly influenced by the difference in ionic radii of Al with
respect to Fe (ionic radii Fe3+ ∼ 0.645 Å vs Al3+ ∼ 0.535 Å at octahedral sites, and
Fe3+ ∼ 0.49 Å vs Al3+ ∼ 0.39 Å at the tetrahedral site; Shannon, 1976). Presently
no impact on quadrupole shifts of FeRO was observed. Furthermore, the substitu-
tion led to the lower mean hyperfine magnetic field in the core of ε-Fe1.77Al0.23O3 by
1.0–1.7 T in comparison to ε-Fe2O3, which can be interpreted in relation to break-
ing the superexchange interaction at Fe – O – Fe bonds owing to the introduction of
Al into the crystal lattice. However, no change in the mean hyperfine magnetic field
of the tetrahedral site was observed. Table 5.3 provides an overview of the nearest
tetrahedral sites for each cation site up to 4.000 Å, indicating the extent of how
much the aluminium substitution influences the individual sites. An interesting
result is that the closest sites to FeT are another two FeT sites.

Moreover, the occurence of a sextet with great hyperfine splitting in the ε-
Fe1.77Al0.23O3 spectrum suggests the presence of 0.8(2) % α-Fe2O3 in the sample.
The presence of α-Fe2O3 was not indicated by the XRPD diffractogram with rather
low signal-to-noise ratio, which confirms the higher sensitivity of Mössbauer spec-
troscopy to minor admixtures of iron compounds. The asymmetric doublet origi-
nates from Fe present in the rolled aluminium foil covering the detector of γ radi-
ation.
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Table 5.4: Overview of hyperfine parameters obtained from the Mössbauer spectra
compared to the parameters of ε-Fe2O3 for non-equivalent cation positions of 57Fe in
the core and in the shell. The same isomer shifts for the corresponding components
in the shell and in the core were supposed, along with a disordered canting of
the spins in the shell.

core shell

Isomer Quadr. Hyperf. Distr. Isomer Quadr. Hyperf.

shift shift field width shift shift field

[mm/s] [mm/s] [T] [mm/s] [mm/s] [mm/s] [T]

ε-FeAl-bare (ε-Fe1.77Al0.23O3)

FeD01 0.36(2) –0.23(3) 44.6(2) 0.18(3) 0.36(2) –0.23(6) 40.2(6)
FeD02 0.37(2) –0.29(3) 43.1(3) 0.38(4) 0.37(2) –0.22(5) 35.6(5)
FeRO 0.34(2) 0.01(3) 38.7(3) 0.52(4) 0.34(2) –0.04(5) 33.0(5)
FeT 0.22(2) –0.17(4) 26.5(3) 0.42(6) 0.22(2) –0.23(4) 20.3(4)

α-Fe2O3
a 0.37(5) –0.18(8) 51.3(5)

ε-Fe2O3

FeD01 0.41(3) -0.17(4) 45.2(2) 0.41(3) –0.23(7) 42.6(4)
FeD02 0.36(3) -0.31(4) 44.8(2) 0.36(3) –0.08(8) 38.7(4)
FeRO 0.39(2) 0.01(3) 39.7(2) 0.39(2) 0.06(7) 35.9(4)
FeT 0.23(2) -0.14(3) 26.6(2) 0.23(2) –0.24(7) 23.1(4)
a The admixture of 0.8(2) % α-Fe2O3 was present in the examined sample ε-FeAl-bare .

5.1.4 Transmission electron microscopy

Representative bright field transmission electron microscopy (TEM) images of ex-
amined samples are shown in figure 5.5. The distribution of nanoparticle sizes in
spherical approximation and the thickness of silica coating were determined by sta-
tistical analysis described in section 4.2.2 in more detail. Magnetic cores and coated
particles as a whole were analysed separately. However, only analysis of samples
encapsulated in silica was conducted — in the first approximation, a monomolecu-
lar layer of citrate is assumed; moreover, no difference in the size of magnetic cores
derived from the same parental suspension as for all other samples was expected.

Parameters derived from log-normal fit 1.6 of the distribution of particle equiv-
alent diameters and from normal fit 4.1 of silica thickness are summarised in table
5.5 along with arithmetic average or volume-weighted average to provide quanti-
tative comparison between both approaches to data on the nanoparticle size pre-
sented in literature. Representative histograms of particle equivalent diameters are
demonstrated in figure 5.6, the histograms of thickness of silica coating are shown
in 5.4.

Both magnetic core and coated particle sizes were well described by log-normal
distribution. In line with expectations, no significant difference between the sizes
of magnetic cores among all examined samples was found. Both arithmetic mean
and median were in good agreement with the mean and median from log-normal
fit, the difference between the methods is smaller than the error arisen by approx-
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Figure 5.5: TEM bright field images of samples coated with silica and citrate: a)
ε-FeAl-s06, b) ε-FeAl-s10, c) ε-FeAl-s17, d) ε-FeAl-s21, e) ε-FeAl-cit, f) detail of
particle clusters (ε-FeAl-s10).
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Table 5.5: Various size parameters obtained from TEM image analysis, for more
details on the calculation see table 4.1. Log-normal distribution fit: d0 – median eq. diam.,
d – mean eq. diam., SD – standard deviation of mean, RSD – relative SD, PDI – polydispersity index,
d̂ – mode eq. diam., dV – volume-weighted mean eq. diam. Arithmetic mean: dar – ar. mean eq.
diam., SDar – SD of ar. mean, dV,ar – volume-weighted ar. mean, WDar – volume-weighted deviation
of mean, d0,ar – ar. median eq. diam. Silica thickness: l0 and σg – mean and SD from normal distr.,
l0,ar and SDl,ar – ar. mean and SD.

magnetic cores

ε-FeAl-s06 ε-FeAl-s10 ε-FeAl-s17 ε-FeAl-s21

log-normal distribution

d0 [nm] 21 21 21 21
d [nm] 22 22 22 22
SD [nm] 7 7 8 7
RSD 0.31 0.32 0.34 0.30
PDI 0.10 0.10 0.12 0.09
d̂ [nm] 23 23 24 23
dV [nm] 29 30 31 28

arithmetic mean

dar [nm] 21 20 21 21
SDar [nm] 7 7 6 7
dV,ar [nm] 30 27 27 27
WDar [nm] 14 8 8 9
d0,ar [nm] 19.9 20.0 21.0 20.2

silica thickness

l0 [nm] 6 10 17 21
σg [nm] 1 2 3 2
l0,ar [nm] 6 10 16 21
SDl,ar [nm] 1 1 2 1

coated particles

ε-FeAl-s06 ε-FeAl-s10 ε-FeAl-s17 ε-FeAl-s21

log-normal distribution

d0 [nm] 47 49 60 65
d [nm] 47 50 61 66
SD [nm] 7 8 10 9
RSD 0.15 0.17 0.17 0.14
PDI 0.02 0.03 0.03 0.02
d̂ [nm] 48 50 62 66
dV [nm] 50 54 66 70

arithmetic mean

dar [nm] 47 49 61 66
SDar [nm] 8 8 10 10
dV,ar [nm] 51 53 66 70
WDar [nm] 8 8 12 11
d0,ar [nm] 47.1 48.8 60.6 64.8
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5.1.5 Dynamic light scattering

DLS was measured for all coated samples and compared to the equivalent diame-
ters of coated particles obtained from TEM. The main objective was to determine
the hydrodynamic diameter of the particles and therethrough to assess the thickness
of water layer carried with the particle in the suspension. Results of DLS analysis
are summarised in table 5.6.

DLS evidences the colloidal stability of aqueous suspensions of nanoparticles
encapsulated in silica and those stabilized by citrate. The mean obtained from DLS
is intensity-weighted, and number and volume means are acquired by its recalcu-
lation with some presumptions (sphericity of particles, known optical properties),
therefore are determined with lower precision. Bearing that in mind, the compari-
son of number and volume means of coated particles from DLS and TEM is arguable.
Nevertheless, number means approximately correspond with each other, suggest-
ing that the water layer carried with the particles counts up to a few molecular
layers (the size of water molecule ≈ 0.28 nm; D’Arrigo, 1978).

Table 5.6: Hydrodynamic diameter of particles obtained from DLS and the thick-
ness of water layer from comparison of DLS and TEM volume-weighted and number
means. dZ – Z-average (intensity-weighted harmonic mean), PDIDLS – polydispersity index given
by Zeta Sizer software (rescaled coefficient of quadratic term of a polynomial fit to the time depen-
dence of logarithm of correlation function ln GDLS(t)), dV,DLS – volume-weighted mean size, dDLS –
number-weighted mean size

Sample dZ [nm] PDIDLS dV,DLS

[nm]
dDLS

[nm]

dV,DLS−dV,T EM

2
[nm]

dDLS−dT EM

2
[nm]

ε-FeAl-s06 72.0 0.10 60.1 47.2 4.8 0.03
ε-FeAl-s10 79.0 0.12 65.1 50.5 5.7 0.44
ε-FeAl-s17 85.8 0.08 75.4 61.1 4.5 0.02
ε-FeAl-s21 102.8 0.08 92.0 74.1 11.1 4.2
ε-FeAl-cit 44.8 0.22 39.1 24.6 4.6 1.3

5.1.6 Magnetic properties

The hysteresis loops of bare nanoparticles and the ones encapsulated in silica mea-
sured at 300 K are depicted in figure 5.7. The specific magnetization of the coated
samples is substantially lower in comparison to the specific magnetization of bare
particles due to the presence of large amount of diamagnetic component. The val-
ues of specific magnetization at 5 T were used to plot the dependence of relative
magnetization, i.e. the magnetization of the sample divided by magnetization of
bare cores, on the thickness of silica coating, which also denotes the mass fraction
of magnetic component in the samples (see figure 5.10 left).

The hysteresis loops of ε-Fe1.77Al0.23O3 and ε-Fe2O3 bare nanoparticles are de-
picted in figure 5.8. The assumption that substituting diamagnetic Al3+ cations for
a fraction of Fe3+ cations would lead to the increase in magnetization of the par-
ticles with respect to ε-Fe2O3, was hereby verified. Nonetheless, the coercive field
was reduced by almost 30 % (1.48 T vs. 2.1 T in ε-Fe2O3).
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5.2 Relaxivity

Five samples in suspensions were used for relaxometric studies: nanoparticles en-
capsulated in silica (ε-FeAl-s06, ε-FeAl-s10, ε-FeAl-s17, ε-FeAl-s21) and coated with
citrate (ε-FeAl-cit).

5.2.1 Concentration of suspensions

The concentration of suspensions of nanoparticles prepared as described in sec-
tion 4.1.2 was determined by the ICP-MS, the results are summarised in table 5.7.
The relative error in determination the concentration ηc was included in the relax-
ivity error calculation. These suspensions were used to prepare 5 subsamples for
further relaxometric experiments. The most concentrated subsample (denoted as
SS1 in tab. 5.7) of each suspension of silica coated nanoparticles was intended to
be diluted to 0.60 mM concentration of ε-Fe1.77Al0.23O3, i.e. 1.06 mM concentration
of iron atoms according to preliminary chemical analysis; however, the concentra-
tion was later determined with higher precision by ICP-MS giving slightly different
values, see the final concentrations in tab. 5.7. The citrated sample was diluted
in "suspension : water" ratio as 1 : 9 to obtain SS1 since the relaxometric measure-
ments were performed prior to the ICP-MS. The other subsamples were then pre-
pared by diluting in "SS1 : water" ratios 2 : 1 (Fe ∼ 0.71 mM), 1 : 2 (Fe ∼ 0.35 mM),
1 : 5 (Fe ∼ 0.18 mM) and 1 : 11 (Fe ∼ 0.09 mM). All plots of the transversal relax-
ivity in the thesis are related to the concentration of Fe, not ε-Fe1.77Al0.23O3.

Table 5.7: Concentration of Fe in suspensions prepared by the method described
in section 4.1.2 and its relative deviation ηc, which were determined from ICP-
MS. The molar concentration c of Fe and ε-Fe1.77Al0.23O3 (denoted "f.u.") was then
calculated and used to prepare subsample SS1 of given molar concentration cSS1.

Sample Fe ηc c(Fe) c(f.u.) cSS1(Fe) cSS1(f.u.)
[mg.g−1] [mM] [mM] [mM] [mM]

ε-FeAl-cit 0.272(6) 0.021 4.871 11.065 0.487 0.275
ε-FeAl-s06 0.712(5) 0.007 12.756 2.752 1.026 0.580
ε-FeAl-s10 0.81(2) 0.026 14.461 7.207 0.914 0.516
ε-FeAl-s17 1.09(4) 0.034 19.586 12.076 0.947 0.557
ε-FeAl-s21 1.194(4) 0.003 21.375 8.170 0.938 0.530

5.2.2 Magnetic field dependence

The results of the transversal relaxivity r2 measured at 23 ◦C and 40 ◦C for vari-
ous magnetic fields are summarised in figures 5.11 and 5.13. The error bars were
calculated according to error propagation rules to include the following sources:
the relative deviation of sample concentration, the error of temperature determi-
nation (rough estimate differing among the instruments and temperatures taking
the respective hardship of the temperature stabilisation into consideration) recal-
culated relatively from the temperature dependence of r2, and the error of linear
regression when calculating r2 from concentration dependence of the relaxation
rate R2.
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Figure 5.21: The TEM images of ε-FeAl-s10 after the measurement of temperature
dependence at 0.47 T - precipitated silica (left) and detail of uncoated particles
(right).

5.2.4 Comparison to theoretical models

The experimental results of transversal relaxivity, i.e. the trends and dependence
on selected quantities were compared to the teoretical models outlined in section
2.4.2. Following plots are indicative for chosen parameters and available experi-
mental data, not aimed to be comprehensive.

Firstly, to determine the relaxation regime that should be used to interpret
the data, the diffusion correlation time τD (eq. 2.19) and the Larmor frequency shift
at the equator of the particle∆ω (eq. 2.21) were calculated. The median diameter
of the coated particles obtained from the log-normal fit and the self-diffusion coef-
ficient of water D were used to obtain τD (figure 5.22 left). D was calculated from
empirical relation 1/D = 1/(D0[(T/TS) − 1]ζ) used to fit experimental data from
literature (Holz et al., 2000), where D0 = (15.4± 0.3).10−9 m2.s, TS = (211± 1)K
and ζ = 2.14 ± 0.03. The molar mass of ε-Fe1.77Al0.23O3 Mmat = 153.051 g.mol−1

and the volume per formula unit 52.3 Å3 (νmat = 31.50 cm3.mol−1) were used to
detemine the density of the material ρmat = 4.86 g.cm−3 necessary to calculate vol-
ume magnetization M .

The Larmor frequency shift for coated nanoparticles was determined by rescal-
ing the shift for bare particles by factor r3

c
/R3 as it follows from the relation for

the dipolar field of particle 2.20, where rc is the median radius of bare particles
and R = rc + l, l being the thickness of silica shell according to TEM (figure 5.22
right).

The condition ∆ω < 1
τD

was fulfilled for all samples in all magnetic fields (fig-
ure 5.23 left) (calculated at 300 K), hence the relevant regime of r2 for examined
nanoparticles is the motional averaging regime (MAR) characterised by relation
2.24.

The critical diameter of transition to the static dephasing regime dSDR was cal-
culated according to equation 2.28 (figure 5.23 right).
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5.2.5 Comparison to ε-Fe2O3 nanoparticles

The transversal relaxivity of examined samples was compared to previous results
of the relaxivity of ε-Fe2O3 nanoparticles encapsulated in silica (for more details
see ref. Kubíčková, 2015). Three samples of ε-Fe2O3 nanoparticles were available
with thickness of silica coating 8(1), 12(1) and 19(1) nm. To be able to compare
the respective relaxivities of these two sets of samples, the relaxivity recalculated
to the iron content was plotted as a function of the thickness of silica coating for
measurements meeting the same conditions; representative graphs are shown in
figure 5.27. Surprisingly, the relaxivities of ε-Fe2O3 and ε-Fe1.77Al0.23O3 are similar
in magnitude. One might assume that standard uncertainties of the determined
concentrations are rather high, considering the complicated nature of the samples
(dilute suspensions of silica coated particles). However, the analytical procedures
employed (the analysis in triplicates and the ICP-MS method) provide reliable re-
sults that should enable precise comparison of the concentrations and thus the re-
laxivities. Therefore, the results are not distorted by imprecise chemical analysis.
The increase in relaxivity by almost 40 % was observed for particles with the thick-
ness of silica coating lower than 10 nm, which may suggest that the influence of
the magnitude of the particle magnetic moment becomes less significant at larger
distance from the magnetic core of the particle. Nonetheless, our assumption that
increase in magnetization of the particles by ∼ 30 % would lead to the appropriate
increase in relaxivity by ∼ 70 % as predicted by the MAR theory (relation 2.24),
was not confirmed. The fact that our assumption originated from the MAR theory,
and that the enhancement of magnetization had no considerable effect on the re-
laxivity provide another reason to work towards improvement of theoretical models
available at present. It is also possible that the influence of the structure of the silica
coating is highly underestimated.
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Figure 5.29: Bioluminiscence of cells labelled by examined nanoparticles. Petri
dishes containing 100 000 cells labelled by 0.2 mM suspension of ε-FeAl-s17 (upper
left), ε-FeAl-s10 (upper right), ε-FeAl-s06 (bottom left); a non-labelled control is
depicted on the bottom right.
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Conclusion

The transversal relaxivity of ε-Fe2−xAlxO3 nanoparticles encapsulated in silica was
thoroughly investigated by means of nuclear magnetic resonance with regard to
the potential application as contrast agents in magnetic resonance imaging. In com-
parison to ε-Fe2O3 nanoparticles, this material prepared by substituting aluminium
atoms for a fraction of iron atoms in ε-Fe2O3 was expected to exhibit higher mag-
netization and thus higher relaxivity.

The nanoparticles were synthesised by impregnation of mesoporous silica tem-
plate with Fe(NO3)3 and Al(NO3)3 and coated by amorphous silica (SiOx(OH)y);
one of the samples was stabilized by citrate. The chemical composition of bare
particles of Fe2−xAlxO3 was determined from XRF spectra to be 2− x = 1.77(1) of
Fe and x = 0.23(1) of Al; this result was used in all calculations regarding the re-
laxivity. XRPD analysis confirmed the same structure as ε-Fe2O3 — orthorhombic
crystal system with Pna21 space group and lattice parameters a = 5.0757(4)Å,
b = 8.7444(7)Å and c = 9.4243(6)Å, the volume per formula unit ∼ 52.286(6)Å3

(bare sample). Hyperfine parameters of iron sites were obtained by Mössbauer
spectroscopy, which also showed that Al atoms occupy preferably tetrahedral sites
in the crystal lattice. The content of aluminium was deduced from the intensity of
lines in the Mössbauer spectrum to be x = 0.24(1), confirming thus the compo-
sition obtained by XRF. For samples coated with silica, the size of magnetic cores
of the particles, the size of coated particles including the clusters and the thick-
ness of silica coating were determined by means of TEM image analysis.The size
of magnetic cores (i.e. bare particles) was ∼ 21 nm, the thickness of silica coat-
ing ∼ 6, 10, 17 and 21 nm. The stability of aqueous suspensions was confirmed by
DLS.Magnetization of the ε-Fe2−xAlxO3 nanoparticles increased by ∼ 30 % when
compared to ε-Fe2O3, confirming thus our assumption about the influence of Al.
ZFC/FC curves indicate that magnetic transitions characteristic to ε-Fe2O3 are sup-
pressed by the substitution. The magnetization evinced an approximately linear
decrease with temperature in the temperature range examined in our relaxometric
study.

The transversal relaxivity r2 was measured on suspensions of four samples en-
capsulated in silica and one stabilized by citrate. Considering the size and mag-
netic moment of the nanoparticles, the theoretical model describing the relaxivity
is the motional averaging regime (MAR) yielding the relation 2.24. Magnetic field
dependence followed approximately the exponential rise to maximum, for which
the MAR model is not applicable. The different slope of relaxivity of the citrated
sample in comparison to samples coated with silica suggests different mechanism
of interaction of 1H with the coating material. The temperature dependence of
relaxivity of samples coated with silica demonstrated a significant deviation from
a simple model based on the Arrhenius behaviour of water self-diffusion, which
resulted in higher values of relaxivity than predicted by this simple model. Based
on measurements during cooling after preceding heating, it was ascertained that
the increase in relaxivity is irreversible; from subsequent examination by TEM and
DLS, dissolution of silica coating was evidenced. The experimentally found linear
decrease of relaxivity with increasing thickness of the silica coating (i.e. the re-
spective shift in Larmor frequency of 1H at the surface of the nanoparticle) is also

65



in contrast with the prediction of the MAR model. Our results indicate that another
mechanism which enhances the transversal relaxivity might be involved. Possible
explanation can be suggested based on water molecules bound to the silica coating,
i.e. molecules either present inside the pores of silica or physisorbed to the silica
surface. Nevertheless, the curve of the temperature dependence can be qualitatively
described by MAR relation with regard to the linear dependence of magnetization
on temperature, even though the physical interpretation of fitting parameters is
not so straightforward due to the unknown contribution of the gradual dissolu-
tion of the silica coating. The relaxivity of examined samples was also compared
to the relaxivity of ε-Fe2O3 nanoparticles from previous study; the increase by al-
most 40 % for particles coated with silica thickness lower than 10 nm was found,
while there was no considerable difference in relaxivity for thicker coatings. Con-
sequently, the magnitude of the increase did not meet our expectation and was in
contradiction to the prediction of MAR (increase in magnetization by ∼ 30 % was
supposed to enhance relaxivity by ∼ 70 % for any thickness of silica coating).

The transversal relaxivity of the examined samples is comparable to or exceeds
commercial superparamagnetic iron oxide nanoparticle contrast agents (SPIOs and
USPIOs) or those under clinical investigation (Laurent et al., 2008), whose relax-
ivity ranges between roughly 20 and 200 s−1.mM−1 per Fe at 1.5 T and 37 ◦C.

The study on cytotoxicity of examined nanoparticles revealed that the thickness
of silica coating (probably through the size of coated particles) either affects the
proliferation of cells or impairs their adherent abilities, reducing the gain of cells
by ∼ 3 % per each nm of silica thickness when compared to unlabelled control.
Despite that, the level of cytotoxicity is very low suggesting that the follow-up use
of ε-Fe2−xAlxO3 nanoparticles even with small thickness of silica coating for in vivo

studies is safe.
The uniqueness of our results consists in providing experimental data

on transversal relaxivity, especially its dependence on external magnetic field,
which is difficult to obtain since it is impossible to employ field cycling methods
and using various instruments is lengthy. As a consequence, mostly calculated r2

are presented in literature while experimental data remain rare. Moreover, our re-
sults point out the limited validity of theoretical models available at present and call
for their improvement. For this reason, the data will be published with dispatch.

Further investigations on transversal relaxivity with prospects for extension of
present theoretical models and checking the limits of their validity, together with
in vivo experiments in laboratory animals in collaboration with the Institute for
Clinical and Experimental Medicine in Prague shall be the matter of future studies.
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