Open Access Article. Published on 20 February 2023. Downloaded on 2/20/2026 7:34:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton

Transactions

W) Check for updates

Cite this: Dalton Trans., 2023, 52,
3551

Received 18th October 2022,
Accepted 17th February 2023

DOI: 10.1039/d2dt03387a

™ COYAL SOCIETY
ap OF CHEMISTRY

The effect of size, shape, coating and
functionalization on nuclear relaxation properties
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review of the situation
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In this perspective article, we present a short selection of some of the most significant case studies on
magnetic nanoparticles for potential applications in nanomedicine, mainly magnetic resonance. For
almost 10 years, our research activity focused on the comprehension of the physical mechanisms on the
basis of the nuclear relaxation of magnetic nanoparticles in the presence of magnetic fields; taking advan-
tage of the insights gathered over this time span, we report on the dependence of the relaxation behav-
iour on the chemico-physical properties of magnetic nanoparticles and discuss them in full detail. In par-
ticular, a critical review is carried out on the correlations between their efficiency as contrast agents in
magnetic resonance imaging and the magnetic core of magnetic nanoparticles (mainly iron oxides), their
size and shape, and the coating and solvent used for making them biocompatible and well dispersible in
physiological media. Finally, the heuristic model proposed by Roch and coworkers is presented, as it was
extensively adopted to describe most of the experimental data sets. The large amount of data analyzed
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1. Introduction

In the last few decades, the interest of several multidisciplinary
research groups has been focused on magnetic nanoparticles
(MNPs) for the unique properties arising from their size scale.
Among the various areas in which they are employed, MNPs
have been found to be promising systems for several bio-
medical applications.'™ Besides their traditional use as con-
trast agents in magnetic resonance imaging (MRI)’'" and in
other multimodal techniques,”>™*® their implementation as
therapeutic agents in magnetic fluid hyperthermia (MFH),"*>*
as nanovectors for local drug delivery,>>>° and in cell separ-
ation and biosensing applications®3® has been extensively
studied.

MNPs proposed for biomedical use typically consist of a
magnetic core of transition metal oxides (iron, cobalt, nickel,
manganese, efc.) coated with a shell of organic moieties
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allowed us to highlight both the advantages and limitations of the model.

like polymers, sugars, and acids, and are dispersed in water
or physiological media. For biomedical applications,
engineering of the surface appears to be a crucial step in
order to obtain colloidal stability, biocompatibility and
biodegradability™?*272%3738 a5 well as to mitigate their non-
specific uptake by the reticuloendothelial system.*® Thanks to
the “intrinsic” biocompatibility of iron, the most widely inves-
tigated MNPs are composed of a magnetite (Fe;0,) or maghe-
mite (y-Fe,O3) core, i.e. ferrimagnetic materials that behave as
a single domain at the nanoscale (below about 150 nm), with
superparamagnetic behaviour and consequently zero rema-
nent magnetization due to thermal fluctuation. Magnetite
and/or maghemite MNPs are preferred over other iron oxides
for their high magnetic moment and their strongly reduced
possibility to agglomerate once the applied magnetic field is
removed.

For medical applications it is also fundamental to focus on
and study the possible adverse effects of nanoparticles on
human health. The charge and surface coating of iron oxide
MNPs definitely influence their interaction with the human
body.® In the past, it was demonstrated that bare and coated
(with -NH, and -COOH) small iron oxide MNPs induced
different responses depending on the specific cell lines of the
brain, heart and kidneys.** On the other hand, also the routi-
nely used coatings, such as dextran, polyethylene oxide, citric
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acid, etc., must be tested accurately for every new MNP pro-
posed, to ensure that no toxic moieties overcome the coating
layer. Also nanoparticles coated with polyethylene glycol (PEG),
that is known to reduce the immunological response, could be
more toxic than the same MNPs covered with other coatings.*?
Different kinds of toxicities should also be taken into account.
Recently, we studied the effect of iron oxide MNPs coated with
meso-2,3-dimercaptosuccinic acid on the cell proliferation of
pancreatic cancer cells showing how the commonly used
Trypan Blue assay reveals a poor toxicity of MNPs, while the
clonogenic survival studies quantified a toxicity of around
50-60%."

The above quoted papers are examples of toxicology studies
on iron oxide-based MNPs that show how the lack of knowl-
edge about the mechanisms involved in their possible toxicity
implies a big work of specific characterization whenever
a new product is proposed for MNP implementation in
nanomedicine.

Although a considerable number of different MNPs have
been developed for biomedical applications, a full understand-
ing of the physical mechanisms that occur in the presence of
biological media and their relationship with the characteristics
of the MNPs - such as the core composition, size, shape,
coating, dispersant, and functionalization - has not been
achieved yet.

To date, gadolinium-based molecules
common contrast agents used for MRI. The main reasons
are: (i) the possible use of extravascular**** and intravascular
gadolinium chelates,® (ii) the higher accuracy of Gd-based-
enhanced MR angiography compared with that of convention-
al contrast angiography, and (iii) the ability to cross the blood-
brain barrier.

As concerns the MNPs, the complex parameters influencing
contrast enhancement make their development as non-specific
CAs unsuitable. Nevertheless, their unique features, related for
instance to the surface functionalization, may address the
research efforts toward the realization of target-specific CAs.

Superparamagnetic iron oxide MNPs could be used as MRI
contrast agents (CAs), as already done in the past for some
approved materials (e.g. Endorem®) and later withdrawn from
the market for commercial reasons, because they increase the
nuclear relaxation rates (mainly the transverse one””*®) of the
"H nuclei contained in the human body. The nuclear relaxiv-
ities are defined as

are the most

1 1
ri= - C 1
' (Tz meas Ti,dia) / ( )

where i = 1, 2 respectively refers to the nuclear longitudinal
relaxation time T; and the nuclear transverse relaxation time
T>. 1/T;meas is the nuclear relaxation rate measured on a
sample dispersion, 1/T; 4, is the nuclear relaxation rate of the
diamagnetic host solution and C is the concentration of the
magnetic center in mmol 17",

The physical mechanisms involved in the change of nuclear
relaxation rates induced by MNPs are the subject of many
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current research studies aiming at developing new models to
direct the design of optimal MNPs.>"*°">* The spin dynamics
and the MNP nuclear relaxation behavior critically depend on
the intrinsic properties of the MNPs (size, core type, etc.) as
well as on the intensity of the external applied magnetic field,
the temperature of application and the solvent used to dis-
perse MNPs, as reported in Fig. 1.

In the case of functionalized MNPs, the coating plays a
crucial role. The ideal one should consist of organic com-
pounds which would be able to both affect the water molecule
diffusion, causing a variation of nuclear relaxivity, and allow
fast exchange to allocate the maximum number of water mole-
cules near CAs. Nowadays, there is an extensive use of PEG
chains which increase transverse relaxivity, due to the slowing
down of the diffusion, while hydrophobic polymers decrease r,
values.”

Moreover, other different functionalizations can affect the
correlation times (mainly the exchange of protons between the
particle surface and bulk water, and the translation, diffusion,
and rotation of free water molecules with respect to the MNPs)
which then lead to nuclear relaxation.

For single domain MNPs, where all the atoms coherently
respond to the external magnetic field,>>>’ a magnetic
moment, given by the sum of the spins inside the particle (as
the orbital part is generally quenched for 3d metals), is associ-
ated with the particle. A uniaxial magnetic anisotropy energy,
characterized by two minima,**®>° is invoked to model the
magnetization reversal, the typical time scale of which is the
Néel relaxation time (zy). Other characteristic correlation times
are the Brownian time (zp) and the diffusion time (zp), both
related to the motion of MNPs, and, wherever present, the so-
called chemical exchange time (z.), related to the exchange
process between a water molecule coordinated to the MNP
surface and a water molecule of the medium.

Synthesis

Fig. 1 Schematic representation of the principal intrinsic parameters,
on the left (magnetic core composition, size, shape, coating, and
surface functionalization) and extrinsic parameters, on the right (solvent,
magnetic field, and temperature) relevant for describing the MNP
nuclear relaxation process.

This journal is © The Royal Society of Chemistry 2023
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In this perspective article, we present the results obtained
by studying a quite large number of superparamagnetic MNPs
which differ in the core size, core composition, shape, surface
coating material and solvents used to obtain colloidal solu-
tions. This roundup of studies offers the opportunity: (1) to
discuss the obtained experimental evidence, (2) to test the
efficacy of the Roch heuristic model on many different
materials for describing the relaxation of superparamagnetic
MNPs, and (3) to present some possible future perspectives in
this research field.

It should be noted that the well-known model developed by
Roch et al.®® was commonly used to fit the NMR dispersion
(NMR-D) profiles. Indeed, an evaluation of important para-
meters such as the relaxation times, the distance of minimum
approach of water molecules to MNPs, rq4, the saturation mag-
netization, M;, and the magnetic anisotropy energy barrier, Ea,
can be obtained by fitting the longitudinal NMR dispersion
curves.

After the first section dedicated to the synthesis and charac-
terization methods, we present the theoretical background
useful to describe the influence of the magnetic core intrinsic
properties (composition, size and shape) on the relaxation pro-
perties. In the next section, we discuss the impact of changing
the solvent of the colloidal solutions and the role of the
surface coating and its functionalization. In the last section,
some general comments on the whole set of results obtained
in these 10 years of research and some perspectives are
proposed.

2. Synthetic procedures and
characterization methods

For a detailed description of the synthetic procedures and
experimental characterization of the different MNPs, the
readers are suggested to refer to the corresponding articles. In
this section, only the most relevant hints on the synthesis
methods and the principal chemico-physical characteristics
are reported.

In ref. 61 four series of ferrite-based MNPs with a core size
between 4 and 20 nm were obtained by the thermal decompo-
sition method starting from different metal-organic precur-
sors. The studied MNPs were: rhamnose-coated magnetite
MNPs (S-Mag), oleate coated magnetite particles (P-Mag), oleic
acid-coated manganese ferrite nanocrystals (MnFe) and non-
stoichiometric oleic acid-coated cobalt ferrite MNPs (CoFe). In
the case of the two series of magnetite MNPs, once properly
coated, the samples were dispersed in water solutions.

In ref. 62, y-Fe,O; MNPs coated with oleic acid were again
synthesized by thermal decomposition and transferred in
water after the substitution of oleic acid with polyacrylic acid.
Three samples of MNPs of magnetic core sizes of 10, 14 and
19 nm were studied.

A systematic investigation of Co,ZnyFe; (1,04 MNPs syn-
thesized by thermal decomposition with, on average, 8-9 nm
size was reported in ref. 63, where the amount of cobalt was

This journal is © The Royal Society of Chemistry 2023
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kept constant at ca. x = 0.6, while the Zn amount was varied in
the range 0 <y < 0.4.

According to surfactant mediated colloidal routes in high
boiling organic solvents under a nitrogen atmosphere, iron
oxide based MNPs were prepared in ref. 64 with different core
sizes, morphologies and dispersing media. In details, three
core sizes (mean diameter d = 3, 8 and 17 nm) of spherical
samples dispersed in an organic non-polar solvent (hexane)
were prepared. In addition, an 8 nm spherical sample sus-
pended in water (without removing the ligand directly attached
at the surface of the inorganic core) and a cubic shaped
sample dispersed in hexane with the same volume as the 8§ nm
spherical MNP were also prepared.

Aqueous dispersions of two series of maghemite MNPs of
different mean diameters (d = 17 and 8 nm) coated with four
different types of biocompatible negative polyelectrolytes, syn-
thesized by adding each polyelectrolyte to an acidic solution of
MNPs and, after dialysis against water, alkalinizing the solu-
tions with hydroxide ammonium, were studied in ref. 65.

Finally, functionalized coating MNPs were investigated in
ref. 66 and 67; ref. 66 regarded magnetite MNPs coated with
random multiblock poly(ester-ether-urethane) copolymers
(PEEU) of PCL and PEG decorated with folate and loaded
with paclitaxel (PTX), designed to target the human breast
MDA-MB-231 tumor. Ref. 67 was focused on the use of syn-
thetic polyamide mimics of natural DNA and RNA, the peptide
nucleic acid (PNA) oligomers, for the functionalization of iron
oxide nanoparticles with a magnetic core dimension of 17 nm,
in order to obtain a water soluble hybrid nanomaterial.

The chemical-physical characterization of all the studied
MNPs was based on elemental analysis, X-ray diffraction, trans-
mission electron microscopy, dynamic light scattering and,
where possible, atomic force microscopy.

For the measurements of magnetic properties, DC magneti-
zation and AC magnetic susceptibility were recorded on dry
powder samples or concentrated colloidal solutions using
superconducting quantum interference device (SQUID) mag-
netometers. The hysteresis curves were collected as a function
of magnetic field (up to 5 T) at different temperatures (300 K
and 5 K). Zero-field-cooled (ZFC) and field-cooled (FC) magne-
tization curves were recorded as a function of temperature
(5-300 K) at different static magnetic fields (ranging from
0.005 to 0.3 T) after cooling the samples in the absence (ZFC)
or presence (FC) of the measuring field. AC magnetic suscepti-
bility data were collected as a function of temperature
(5-300 K) in the frequency range 1-1000 Hz.

The local spin dynamics and the MRI contrast efficiency
were assessed by means of "H nuclear magnetic resonance
(NMR) relaxometric characterization. The NMR-dispersion pro-
files were collected at room temperature by measuring the
longitudinal (7;) and the transverse (7,) nuclear relaxation
varying the Larmor frequency of the investigated nuclei (2nvy, =
yBo, where y = 2.67513 x 10% rad s7* T' is the gyromagnetic
factor of "H) from 10 kHz up to 60 MHz and only for one case
up to 120 MHz.>® For low-frequency relaxation measurements
(from 0.01 MHz to 5.0 MHz), the fast-field-cycling technique
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was performed using a Smartracer Stelar NMR relaxometer.
Higher-frequency (11, > 5.0 MHz) relaxation measurements
were performed using Stelar Spinmaster and Apollo — Tecmag
Fourier transform nuclear magnetic resonance (FT-NMR) spec-
trometers. For vy, < 5.0 MHz, pre-polarized saturation recovery
(for Ty) and spin-echo (for T,) sequences were adopted. For fre-
quencies v, > 5.0 MHz, non-pre-polarized saturation recovery
(SR) and Carr Purcell Meiboom Gill (CPMG) pulse sequences
were used for T; and T, measurements, respectively.

3. Results

3.1 Theoretical background

In order to understand the nuclear magnetic relaxation behav-
iour of superparamagnetic MNPs and therefore predict their
efficiency as CAs in MRI, many models have been proposed in
the literature.”®®%°*~"® Many of these models assume that the
dipolar magnetic field of the superparamagnetic MNPs pro-
duces local magnetic inhomogeneity which in turn modifies
the nuclear relaxation processes of the dispersant protons with
respect to the ones in the pure solvent. Essentially, the nuclear
relaxation depends on the fluctuating hyperfine interaction
between the high magnetic moment of the superparamagnetic
MNPs and the nuclear magnetic moment of the hydrogen
nuclei of the solvent. Indeed each proton experiences magnetic
fluctuations because of its free diffusion in the magnetic
inhomogeneity and the relaxation of the magnetization of
superparamagnetic MNP due to the Néel and Brownian
processes.

The importance of the role played by the superpara-
magnetic MNP size and composition can be highlighted by
considering the simplest case of uniaxial anisotropy, where the
anisotropy energy per nanoparticle, E,, is correlated to its
volume, V, and its anisotropy constant, K, which depends on
the MNP composition, according to:

E,=K-V-sin® 0 (2)

where 6 is the angle between the magnetic moment vector and
the anisotropy axis (easy axis). Following eqn (2), the two
energy minima (@ = 0, =), separated by the energy barrier E,,
correspond to the orientation of the MNP magnetic moment
along the easy axis, and the characteristic time for overcoming
E,, relaxing toward a steady state in the absence of an external
magnetic field, is the so-called Néel relaxation time,”* which
for non-interacting nanoparticles is given by:
Ey
N = ToeksT (3)
In eqn (3) the Néel relaxation time depends exponentially
on the ratio between anisotropy (E,) and thermal energy (kpT)
and, linearly, by a prefactor, 7o, that is of the order of 107° s for
non-interacting MNPs.
When MNPs interact with each other, eqn (3) must be
modified to correctly describe the experimental results.
According to the Vogel-Fulcher model,”* a phenomenological
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parameter, Ty, whose value is proportional to the inter-particle
interaction, is introduced and eqn (3) becomes

Ep
™ = 1oeks(T—To) (4)

For biomedical applications, MNPs are normally dispersed
in liquid, where they can randomly rotate and collide with
solvent molecules (Brownian motion), thus inducing magneti-
zation relaxation with the characteristic Brown relaxation time:

kgT

5 = (5)
where 7 is the viscosity of the liquid and Vy is the hydrodyn-
amic volume of the particle. The Brownian relaxation is more
efficient than the Néel process for MNPs with high magnetic
anisotropy and/or a high external magnetic field. In this case,
indeed, the magnetic moment of superparamagnetic MNPs,
anchored to the crystalline lattice by the high anisotropy
energy, tends to be oriented along the external magnetic field
through the rotation of the whole particle. It is worth noting
that the Brownian relaxation is poorly effective when super-
paramagnetic MNPs are embedded into the tissues where the
rotation of the entire nanoparticle may be partially hampered.
Taking into account the generic environmental conditions, an
effective relaxation time, 7, is thus commonly introduced for
considering the two relaxation processes:

1 1 1
—= (6)
T TN TB

In order to deeply investigate the physical mechanisms on
the basis of the nuclear relaxation of superparamagnetic
MNPs, "H-NMRD profiles, i.e. the nuclear relaxivities r, and r,
vs. the frequency for constant 7, must be collected in the
widest possible frequency range (or, equivalently, the widest
applied magnetic field range), possibly including the frequen-
cies associated with the fields used in clinical practice.

As already stated in the Introduction, the analysis of the
"H-NMRD profiles allows the estimation of some fundamental
physical quantities of the MNPs, such as the Néel correlation
time 7y, by NMR, the distance of minimum approach ry of
water molecules to MNPs and the magnetic anisotropy. To this
aim the experimental "H-NMRD profiles, obtained measuring
the MNP samples here reported, were interpreted using the
heuristic model of Roch et al.,*® where the expressions for the
relaxivities, 7, (eqn (7)) and r, (eqn (8)), employed in our work
to perform the fitting procedure, are obtained by a linear com-
bination of two contributions describing the high and low
magnetic anisotropy cases, respectively:

n= 133520n00M§§712(r3)) {7PL(;)] (s, 7D, )
{7Q ()+3(p+o)( () T (x))} 7)

X (o1, 7p, 7n) + 312 (x)]* (V2wi7p) }

This journal is © The Royal Society of Chemistry 2023
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16n ., ,(Naic L(x) ¢
= — —_ 13P7
r 1350001“3})71 (rdD)x{ J ((USJ'D,TN)
L(x
+7Q ( ) (wlvTDaTN)+6Q ( ) (07TD7TN)

(8)
+(1—-I*(x zL x[3/F (o
I?TD7TN) +4.]

(0, rD,TN)]+L2(x 3]“(\/2(»141,)) 474(0)] }

where pg, is the effective magnetic moment locally felt by the
protons, yy is the proton gyromagnetic ratio, N, is Avogadro’s
number, ¢ is the molar concentration of the magnetic part of
the nanoparticles, rq is the minimum approach distance
between protons and superparamagnetic MNPs, D is the self-
diffusion coefficient of the medium, L(x) is the Langevin’s
function (where x = ugpBo/ksT), 7 = (ra)’/D is the diffusion
time that characterizes the fluctuation of the hyperfine inter-
action among the nuclear magnetic moments of the solvent
'H nuclei and the magnetic moment of superparamagnetic
MNPs, 7y is the Néel relaxation time at room temperature, and
ws and w; are the electron and proton Larmor frequencies,
respectively. The parameters P and Q are related to the degree
of magnetic anisotropy of the system, being the weight of the
spectral density functions J* and J¥, respectively (P =0 and Q =
1 for highly anisotropic systems, i.e. E, — oo, while P = 1 and
Q = 0 for low anisotropic systems, i.e. E, — 0, and P+ Q < 1).
Consequently, for materials with increasing magnetic an-
isotropy energy and/or upon increasing the size of the mag-
netic cores, Q would progressively increase toward 1.

In order to reduce the number of free parameters of the
model, wherever possible, some quantities, independently
evaluated with other experimental techniques, were used. For

Table 1 Fitting parameters
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instance, the effective magnetic moment g, can be estimated
by the saturation magnetization value, M, obtained through
magnetometry techniques, and by the average volume of the
particles. In addition, TEM and AFM data can be used to estab-
lish reasonable constraints for the distance of minimum
approach, rq, as it is expected to vary between the core dia-
meter (TEM estimate) and the whole size of superpara-
magnetic MNPs, which includes the coating layer (AFM
estimate).

3.2 The role of the magnetic core

The first example of the modus operandi explained at the end
of the previous paragraph was proposed in ref. 61, where longi-
tudinal relaxivity r; curves were acquired experimentally on
four different sets of MNPs dispersed in toluene or ultrapure
water. The use of the fitting model allowed us to investigate
the dependence of Néel and Curie contributions to nuclear
relaxation on the magnetic core diameter and ion species and
consequently the correlated dependence on the magnetic an-
isotropy energy density. In this study the obtained distances of
minimum approach of the solvent molecules to the magnetic
centres suggested the impossibility of the solvent to comple-
tely penetrate the organic coating. A notable comparison
between the Néel relaxation time for all the samples obtained
by the fitting of NMRD profiles and by the AC susceptibility
data was performed (see Table 1). All the MNPs were super-
paramagnetic at room temperature and the estimation of 7y
from AC data using the phenomenological Vogel-Fulcher eqn
(4), reported in Table 1, showed good agreement with the
corresponding NMR data. This correspondence of values
obtained from a sample-averaged technique, namely AC sus-

Sample 7y (srad™) AC 7y (s rad™") NMR d (nm) TEM PIQ

S-Mag/W-1 5.34 +1.00 x 10~° 9.73 +5.51 x 107*° 41+0.6 0.45 + 0.19
S-Mag/W-2 2.80 +0.67 x 107'° 2.82 +1.66 x 1077 6.7 + 0.8 0.00

S-Mag/W-3 4.40 +0.52 x 107 9.58 +2.80 x 1078 18.2 + 1.1 0.06 + 0.02
P-Mag/W-1 — 2.71+2.94 x 107° 5.5+ 0.6 0.46 + 0.29
P-Mag/W-2 — 2.17 +1.81 x107° 8.0+ 0.8 0.00 + 0.11
P-Mag/W-3 1.19+0.22 x 1078 3.36+1.36 x 107° 12.0 + 0.7 0.06 + 0.11
P-Mag/T-1 3.44 +0.45 x 10 1.39 £ 1.12 x 107° 5.5+ 0.6 0.32 + 0.26
P-Mag/T-2 3.78 £0.12 x107° 3.30+1.68 x 107™° 8.0 +0.8 0.06 + 0.06
P-Mag/T-3 4.29+0.52x107° 2.02 +2.07 x 107° 12.0 + 0.7 0.00

MnFe/T-1 1.34 +0.10 x 1072 3.33+1.01 x 107 3.0+0.2 1.06 + 0.31
MnFe/T-2 — 7.13 +3.81 x 107 4.8+0.1 0.49 +0.12
MnFe/T-3 1.36 +0.17 x 10~° 1.63 £3.03 x 107 6.0 + 0.2 0.80 + 0.30
CoFe/T-1 — 2.89 +2.33 x 1077 8.6+ 1.1 0.08 + 0.09
CoFe/T-2 4.32+0.31x107° 5.21 +3.38 x 107° 8.6+ 1.1 0.06 + 0.13
CoFe/T-3 3.11+0.31x107° 6.24 +2.54 x 107° 6.0+ 1.4 0.05 + 0.09
CoFe/T-4 3.31+0.53 x107° 2.05+1.85 x 107° 5.0 £ 1.2 0.05 + 0.15

From left to right: Estimation of the Néel relaxation time by AC and NMR data, nanoparticle size by TEM measurements and P/Q ratios. Reported
AC 7y values are estimated by fitting the AC susceptibility data to the Vogel-Fulcher eqn (4). NMR 7y and P/Q are obtained by the analysis of
"H-NMRD profiles employing Roch’s model. The studied nanoparticles were: rhamnose-coated magnetite NPs (S-Mag), oleate coated magnetite
particles (P-Mag), oleic acid-coated manganese ferrite nanocrystals (MnFe) and non-stoichiometric oleic acid-coated cobalt ferrite (Co,Fe;_,O,)
NPs (CoFe). Label T denotes samples dispersed in toluene and label W denotes samples dispersed in water solutions.

This journal is © The Royal Society of Chemistry 2023
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ceptibility, and a strongly local technique, namely NMR, is
worth noting. The above-mentioned dependence of the fitting
parameters P and Q on magnetic anisotropy and particle size
is largely confirmed by the trend of the P/Q ratio as a function
of the size and composition of the magnetic core, as can be
seen in Table 1.

In ref. 62 we studied maghemite superparamagnetic MNPs
coated with polyacrylic acid (PAA) and with different core sizes
by means of longitudinal nuclear r; profiles and transverse
nuclear r, profiles. This was one of the few cases®®*%%¢7.73
where it was possible to measure r, values at v less than a few
MHz, paying attention to the experimental parameters of the
measurements, given the peculiarities of fast field cycling
(FFC) technology necessary to reach low frequencies: the
instability of the acquisition field and the need for refocusing
pulses during the FFC relaxation period. MNPs studied in
ref. 62 were specifically designed with the same PAA coating
and three different sizes of the magnetic core (d = 10, 14 and
19 nm) in order to tailor their physical properties. The experi-
mental longitudinal relaxivity profiles (see Fig. 2) for MNPs of
10 and 14 nm showed a flattening of r; at low v and a
maximum at v of a few MHz with a subsequent drop for v >
10-20 MHz. The sample with a 19 nm magnetic core showed a
strongly enhanced r; and this relatively high core size causes
the flattening of the maximum at intermediate frequencies.
On the other hand, the r; profile of 19 nm MNPs showed a
higher contrast efficiency compared to the other two samples,
which behaved substantially in the same way.

The fitting procedure by the Roch’s model well reproduced
r; experimental curves providing 7y in accordance with the
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Fig. 2 Longitudinal r; (upper) and transverse r, (bottom) NMRD profiles
of the MNPs in ref. 54 collected at room temperature in the frequency
range 0.01 < v < 60 MHz and the best-fit curves obtained by applying
Roch'’s model (solid lines). r; and r, profiles of the (dismissed) commer-
cial compound Endorem® are reported as green symbols in all graphs.®?
Reprinted with permission from ref. ["Tailoring the magnetic core of
organic-coated iron oxides nanoparticles to influence their contrast
efficiency for magnetic resonance imaging”, M. Basini, A. Guerrini, M.
Cobianchi, F. Orsini, D. Bettega, M. Avolio, C. Innocenti, C. Sangregorio,
A. Lascialfari and P. Arosio, J. Alloys Compd., 2019, 770, 58, doi: https://
doi.org/10.1016/j.jallcom.2018.08.120]. Copyright 2019, Elsevier.
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core size: upon increasing the particle size, the spin dynamics
slowed down until spin freezing at low frequencies for 19 nm
MNPs (NP_19). At the same time, the extrapolated values of P
and Q parameters were perfectly correlated to the obtained 7y;
as the core size increases from 10 nm to 19 nm, Q increases
indicating a progressively higher magnetic anisotropy barrier
of the system. Finally, the rq values evaluated by NMR fitting
were compared with TEM and AFM data and suggested an
impermeability of the coating. The measured r, profiles were
compared with the predicted r, NMRD profiles calculated with
the parameters obtained from the r; fitting. In Fig. 2, it is
evident that the theoretical curve predicted for r, disagreed with
the experimental data all over the frequency range measured.

The same conclusion was attained in ref. 64 where the
effect of size, shape and dispersant on the dynamical magnetic
properties of colloidal suspensions of MNPs was investigated.
In this study, spherical nanoparticles with an average diameter
of 3.5, 8.5 and 17.5 nm dispersed in hexane were measured
with "H-NMR relaxometry and compared (see Fig. 3(a)).

Also, in this study, the r; NMRD profiles showed the typical
behaviour of superparamagnetic MNPs and the NMR Néel
relaxation time 7y at room temperature (ry = 107'°-107" s),
obtained using the Roch’s model, confirming the results of DC
and AC magnetic measurements. Again the trend followed by P
and Q parameters was well correlated to the anisotropy energy
barrier estimated by magnetic measurements, and to the
slowing down of 7y by increasing the size of superpara-
magnetic MNPs, except for the 3.5 nm sample that exhibited
quite long times for both NMR and magnetic measurement
techniques. Unfortunately, also in ref. 64 the r, curves calcu-
lated using r, fitting parameters did not reproduce the experi-
mental profiles especially in the high field region. The results
of the transverse nuclear relaxivity of the superparamagnetic
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Fig. 3 Longitudinal (r;) and transverse (r;) relaxivities (NMRD profiles) at
room temperature measured on samples with different sizes (a), shapes
(b), and dispersants (c) in ref. 64. The solid lines represent the best-fit
curves of r; obtained from Roch’s model and the dashed lines are the r,
curves calculated using Roch’s model and the best fit parameters
obtained for r;. Reproduced from ref. [“Local spin dynamics of iron oxide
magnetic nanoparticles dispersed in different solvents with variable size
and shape: A 'H NMR study”, M. Basini, T. Orlando, P. Arosio,
M. F. Casula, D. Espa, S. Murgia, C. Sangregorio, C. Innocenti, A.
Lascialfari, J. Chem. Phys., 2017, (146), 034703; doi: https://doi.org/
10.1063/1.4973979], with the permission of AIP Publishing.
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MNPs were discussed using the universal scaling law proposed
by Vuong et al.*® for nanoparticles in the motional averaging
regime (MAR),”* where the Redfield condition Awrp, < 1 is ful-
filled (zp being the diffusion time and Aw being the angular
frequency shift experienced by a proton at the equator of the
particle). Vuong et al. showed that for an external magnetic
field >1 T, r, depends on the particle hydrodynamic diameter
according to

2Qintra

v dexpdpy = 11.6 X 1072 d}; (9)
v

where dy is the particle hydrodynamic diameter, My is the
total magnetic moment divided by the particle volume and
@intra 1S the intra-aggregate volume fraction of cluster and
hybrid magnetic materials. In the case of ref. 62, the experi-
mental r, values at v = 60 MHz were very close to the ones pre-
dicted by the scaling law also for the 19 nm sample that did
not fullfill the MAR regime condition, while in the case of ref.
64, only the spherical sample of 8.5 nm did not follow the
Vuong scaling law.

The influence of the chemical composition of the magnetic
core in MNPs on the relaxometric properties was studied in
ref. 63, where Co,Zn,Fe;_(;+,)0, nanoparticles were investi-
gated. In this study, the Co content was kept constant (x = 0.6),
while a gradual substitution of iron with Zn** (0 <y < 0.4)
allowed the study of the effect of zinc inclusion on the mag-
netic properties of MNPs. The longitudinal nuclear relaxivity
profiles confirmed a clear decrease of the magnetic anisotropy
with increasing Zn content, as pointed out by the magnetic
measurements. In the absence of Zn, r; showed the typical
shape of a high magnetic anisotropy system, namely a plateau
at low frequencies followed by a drop for v > few MHz,
whereas r, for particle with the highest content of Zn (y = 0.4)
presented a maximum at intermediate frequencies (at v ~
1.5 MHz), preceded by a plateau at low frequencies and fol-
lowed by a decrease at high frequencies, denoting a lower
degree of magnetic anisotropy (see Fig. 4). The fitting of r;
NMRD profiles with the Roch’s model allowed again the esti-
mation of the values of 7y, rq and M,. Here below the ranges of
values found in ref. 55: 2.4 x 108 s < 7y < 3.2 x 107’ s, 5.6 nm
<7q<9.4nm, and 76 Am*> kg™" < M, < 80 Am? kg™ Transverse
r, relaxivities were measured only for three magnetic fields, as
reported in Fig. 4(b), and showed a marked dependence on the
Zn content reaching 4-5 times higher values compared to
Endorem® in the case of Zn content y = 0.4.

3.3 The role of the shape

The effect of the shape of MNPs was studied in ref. 64, where
the 8.5 nm spherical sample of superparamagnetic MNPs was
compared with an analogous cubic-shaped sample with a
square edge size of 7.1 nm and a diagonal size of 8.1 nm, in
order to have nanoparticles with comparable volume. The
longitudinal relaxivity reported in Fig. 3(b) shows lower values
for the cubic-shaped sample over the whole frequency range.
Both samples present similar superparamagnetic behaviour
with small differences: the maximum of r; of the cubic sample
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Fig. 4 (a) Longitudinal r, relaxivity profiles and the best-fit curves. (b)

Transverse r, relaxivity values measured at 7.2, 15.5, and 60 MHz as a
function of the Zn amount compared with the dismissed commercial
compound (Endorem®) (data acquired at 1.41 T) in ref. 63. Reprinted
with permission from ref. ["Role of Zn?* substitution on the magnetic,
hyperthermic and relaxometric properties of cobalt ferrite nano-
particles”, M. Albino, E. Fantechi, C. Innocenti, A. Lopez-Ortega,
V. Bonanni, G. Campo, F. Pineider, M. Gurioli, P. Arosio, T. Orlando,
G. Bertoni, C. de Julian Fernandez, A. Lascialfari and C. Sangregorio, J.
Phys. Chem. C, 2019, 123, 6148; doi: https://doi.org/10.1021/acs.
jpcc.8b10998]. Copyright 2019, ACS Publications.

is slightly shifted at a lower frequency (v = 15-20 MHz) with
respect to the maximum of the spherical sample (v =
20-25 MHz), and the dispersion at a low field is less
pronounced.

The fitting procedure of the cubic sample r;, NMRD profile
provided values of P/Q, 7y and rq parameters slightly different
from the spherical sample and this discrepancy can be easily
justified by considering the results obtained by other tech-
niques (magnetic measurements, TEM, etc.). The r, theoretical
profile of samples obtained using the best-fitting parameters
evaluated for the corresponding r; does not reproduce ade-
quately all the experimental curves, showing larger discrepan-
cies at high fields for both samples and some failures around
1 MHz for the spherical one.

3.4 The influence of solvent

Another factor that can influence the superparamagnetic relax-
ation is the kind of solvent in which the MNPs are dispersed
and the correlated MNP surface engineering necessary to allow
their dispersion in water or in physiological solutions, a
crucial condition for their potential application in biomedi-
cine. In ref. 61 and 64 we partially investigated the effect of
different surface engineering on the spin dynamics. In ref. 61,
oleate coated magnetite particles dispersed in toluene (P-Mag/
T series) and water (P-Mag/W series) were compared. It was
not easy to single out a clear picture of the consequences of
using different dispersion solvents, also because the recorded
effects are simultaneously related to the coating needed to
effectively carry out the dispersion (see the next section). As
can be seen in Fig. 5, the r; - maxima of P-Mag/W-1 and
P-Mag/W-2 and the “corresponding” samples P-Mag/T-1 and
P-Mag/T-2 were shifted in frequency, while the maximum of
P-Mag/W-3 and P-Mag/T-3 was un-shifted. Moreover, r; values
differed slightly for the couples P-Mag/W-1||P-Mag/T-1 and
P-Mag/W-3||P-Mag/T-3; in contrast, they decreased passing
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Fig. 5 Longitudinal r; relaxivity profiles at room temperature and the
best-fit curves obtained with Roch’s model (solid lines) for sample series
S-Mag/W, P-Mag/T, P-Mag/W, MnFe/T and CoFe/T in ref. 61.
Reproduced with permission from ref. ['NMR-D study of the local spin
dynamics and magnetic anisotropy in different nearly monodispersed
ferrite nanoparticles”, L. Bordonali, T. Kalaivani, K. P. V. Sabareesh,
C. Innocenti, E. Fantechi, C. Sangregorio, M. F. Casula, L. Lartigue, J.
Larionova, Y. Guari, M. Corti, P. Arosio and A. Lascialfari, J. Phys.:
Condens. Matter, 2013, 25, 066008, doi: https://doi.org/10.1088/0953-
8984/25/6/066008] © IOP Publishing. All rights reserved.

from P-Mag/T-2 to P-Mag/W-2. At the same time, the P/Q
results obtained from the fitting suggested that the contri-
bution from the Curie relaxation mechanism was enhanced
from toluene to water. The hypothesis proposed was that the
surface coating of P-Mag/W-series, modified using a poly(mal-
eicanhydride) polymer shell intercalated with oleate mole-
cules, produced an effect on the nuclear relaxometric pro-
perties by changing the distance of minimum approach of the
solvent molecules.

In ref. 64 MNPs of 8.5 nm were dispersed in an aqueous
based dispersant, adding a ternary system made of monoolein,
lauroylcholin, and water to compare the nuclear relaxivity per-
formances with a sample with the same magnetic core dis-
persed in hexane. The first evidence was a drastic lowering of
r; in the whole frequency range and the shift of the maximum
position to lower magnetic fields for the sample dispersed in
water in comparison with the one in hexane (see Fig. 3(c)). At
the same time, for the water dispersed sample the value of 7
obtained by fitting of NMR profiles was one order of magni-
tude higher than the 7y of the sample in hexane, reflecting an
enhancement of the magnetic anisotropy energy barrier as
seen from AC measurements. In addition, the distance of
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minimum approach between the protons of the solution and
the superparamagnetic MNP centre clearly increased when
they were dispersed in water. The influence of the solvent on
the nuclear relaxation time T, became dramatically evident
since the transfer into a water-based dispersant increased the
r, values of the superparamagnetic MNPs in all the range of
investigated fields, the reproducibility of which had completely
failed when the r, curves calculated with the fitting parameters
of r; are used. A partial explanation of this behaviour could be
ascribed to the particle aggregation due to the dispersant
effect for the water-based sample, as explained in ref. 64, that
prevents the diffusion of solvent near the magnetic centre (7}
effect), but, at the same time, makes nuclear spin-spin hyper-
fine interactions more efficient (7, effect).

3.5 The effect of coating

In order to study the effect of coating on the relaxometric pro-
perties of MNPs, we recently® investigated two series of nano-
particles composed of a maghemite core with mean diameters
d =17 and 8 nm coated with four different negative polyelec-
trolytes. The magnetic measurements indicated that both
MNPs can be considered superparamagnetic at room tempera-
ture, because, even for the larger sample, the average blocking
temperature is lower than 300 K. The experimental longitudi-
nal relaxivity profiles of 17 nm superparamagnetic MNPs
showed a constant increase of r; with lowering the external
magnetic fields, without the expected plateau at low fields,
while a typical superparamagnetic trend of r; profiles for the
8 nm samples, i.e. the presence of a maximum of the relaxiv-
ities and a slight dispersion at low fields, was found. The
transverse relaxivity profiles of the 8 nm samples were similar
to the one of the commercial Endorem® both as concerns
the values and frequency behaviour, whereas in the case of
the 17 nm sample, the r, curves demonstrated a markedly
increased relaxation efficiency. It is worth noting that the
17 nm sample coated with a copolymer of poly(methacrylic
acid) (PMAA) with polyethylene glycol (PEG) displayed r, values
smaller than those of all the other samples at high Larmor fre-
quencies. This result can be tentatively justified by a different
surface spin disorder and/or particle aggregation -effects
induced by the PMAA-PEG copolymer. For what concerns the
fitting of the 17 nm sample curves, we were not able to apply
the Roch model probably because of the quite broad size dis-
tribution that didn’t comply with the limit of validity of the
model (i.e. MNP diameter <20 nm). In contrast, we were able
to fit the r; profiles of the 8 nm superparamagnetic MNPs
obtaining the Néel relaxation time values typical of superpara-
magnetic nanoparticles of this size (3.5 x 10™° s < 7y < 3.9 X
107° s) and a distance of minimum approach of 1 + 2 nm
greater than the estimated core radius, thus proving the
inability of water molecules to diffuse completely inside the
coating.

3.6 The effect of functionalization

As a further factor that could influence the nuclear relaxation
mechanisms, we briefly investigated the effects of MNP

This journal is © The Royal Society of Chemistry 2023
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functionalization on the relaxivity. In detail, with the purpose
of designing a theranostic agent, in ref. 66 a biocompatible
nanocarrier was decorated with folate for targeting human
breast MDA-MB-231 tumor and loaded with magnetite nano-
particles and the antitumoral drug paclitaxel (PTX). The
functionalization effect was particularly evident on the trans-
verse relaxivity. Indeed, the r, values doubled in the Larmor
frequency range investigated (7 < v < 60 MHz) when the
organic carrier + magnetite core was functionalized with folate
or with folate plus PTX, reaching r, values up to 8 times higher
with respect to Endorem®. These surprising results were con-
firmed by in vivo MRI experiments on nude mice which
showed how the developed nanocarrier acted as a negative CA
with better performances than Endorem® and how it was able
to target MDA-MB-321 cells residing in the tumor area for a
long time, up to some days.

In ref. 67 we exploited the conjugation between peptide
nucleic acid (PNA) oligomers and superparamagnetic MNPs in
order to improve the PNA solubility and their cell permeability,
with these oligomers being interesting for gene therapy appli-
cations. As is shown by the "H-NMR results reported in ref. 67,
the MNPs shortened the longitudinal and transverse nuclear
relaxation times, enhancing the correlated relaxivities. This
effect was less marked in the case of functionalized nano-
particles compared to the un-functionalized ones for r;, while
in the case of r, a lower efficiency at shortening the transverse
relaxation time was registered for functionalized MNPs for a
Larmor frequency below 0.2 MHz. The differences in relaxivity
values, between the MNPs with or without PNA functionali-
zation, could be justified by the increased size of particles
once functionalized, as shown by AFM measurements and by
the poor solubility of PNA. After MNP functionalization, the
water molecules encountered more obstacles to approach the
magnetic cores of nanoparticles, thus decreasing the efficacy
at shortening the nuclear relaxation times.

4. Discussion

The aforementioned studies ref. 61-67 allowed us to discuss
the results according to the microscopic characteristics of each
kind of iron-oxide nanoparticle investigated. The strong depen-
dence of nuclear relaxation properties on the size and compo-
sition of the magnetic core was confirmed by the experimental
NMRD profiles. Indeed, the crystallinity, the magnetic an-
isotropy and the volume of the superparamagnetic MNPs influ-
ence directly their saturation magnetization and some corre-
lation times, e.g. the rotational (zg), electronic relaxation (z)
and diffusion (zp) times. On the other hand, the shape of super-
paramagnetic MNPs seems to be less effective at perturbing the
nuclear relaxation time of protons of the host media, see ref. 64.

The influence of the solvent on the relaxometric properties
of MNPs deserves a separate discussion. In fact, this effect
cannot be separated by the coating procedure implemented in
the synthetic protocols and a generalization of the influence of
such a synthetic process on the r; and/or r, behaviour is still
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difficult to be evinced. The role of the solvent depends not
only on which coating is used to cover the magnetic core but
also on the synthetic path used to pass from hydrophobic con-
ditions (normally the MNPs are first synthesized in organic
solvents) to the hydrophilic ones (e.g. exchange of organic
capping agents with polymers, acids, etc. or using an amphi-
philic coating that intercalates with aliphatic domains, or
other choices). For such a complex situation, although effects
on the relaxation properties of MNPs are thoroughly expected,
the possible causes are really difficult to be evinced, as seen in
the example reported in ref. 61, where similar systems differing
only in size (P-Mag/series) behaved in a different manner.
Another noteworthy aspect is the impact of the type of
coating on relaxivity. Indeed, it should be important to under-
stand if the coating is only an inert “spacer” between the mag-
netic core and the protons of the solvent or it is involved in the
nuclear spin dynamics. In this perspective article, we reported
our results in ref. 65 showing how different coatings on super-
paramagnetic MNPs similar in size didn’t influence the relax-
ivity profiles. At the same time, some of us recently demon-
strated by means of low-field muon spin relaxation measure-
ments”” on full or hollow core maghemite superparamagnetic
MNPs that how it is crucial to study high surface/volume ratio
MNPs to unravel the influence of surface spin effects on the
spin dynamics. Indeed, since the coating can modify the mag-
netic order of the surface spins for chemical-physical reasons,
we think that it could be important to systematically study
small MNPs (at a fixed core size below 4-6 nm) with different
coatings using NMR with the purpose to single out their role
in nuclear relaxation mechanisms and related spin surface effects.
Finally, for the effect of coating functionalization, as in the
case of solvent effects, a large number of cases of MNPs with
the same core but different coatings/functionalizations are
needed. Once again, the functionalization influences both r;
and r, and its effect strongly depends on which type of chemical
moiety (molecules, oligomers, antigen, antibody, etc. ...) is used.
As a last observation, it is worth reminding that the possi-
bility of using theoretical models to interpret the longitudinal
relaxivity experimental curves (Roch model in our papers)
allowed us to extrapolate important quantitative information
on the physical properties of the investigated superpara-
magnetic MNPs, like the distance of minimum approach of
solvent protons to nanoparticles or the Néel relaxation time. In
all the studied superparamagnetic MNPs, the r, experimental
data are well fitted by the heuristic theoretical model, and the
parameters obtained clarify the nuclear spin mechanisms
involved in the spin-lattice relaxation for all the nanoparticles
that fulfilled the MAR. On the other hand, if the parameters
obtained by the ry fitting procedure are used also for predict-
ing r, profiles, the model does not properly describe all the
experimental data. This point strongly suggests that physical
mechanisms, not included in Roch’s model, can contribute to
the nuclear spin-spin relaxation. Currently, there is no clear
indication on which mechanisms can be invoked to improve
the model, with the possible ones being the electronic dipole-
dipole interactions between the single MNPs, magnetic an-
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Table 2 Influence of intrinsic parameters

Influence on

Intrinsic parameters relaxivities Comments

Core dimension AN Nk Optimal range 11-20 nm

Core composition kN K Limited by toxicity

Solvent type FeNeH Correlated to the type of
coating

Shape * /%K —

Coating *k More evident for small MNPs
(below 4-5 nm)

Coating A6 /AN H Strongly dependent on the

functionalization chemical moiety used

From left to right: List of the intrinsic parameters of MNP, level of
influence on relaxivities (¥ low, %% medium-low, %¥% medium-high,
J¥%¥% high) and general comments.

isotropy other than uniaxial, the Brownian spin dynamics, the
contribution from the water chemical exchange (if any) and
the surface spin dynamics.

In order to summarize the effect of different intrinsic para-
meters of MNPs on their relaxometric properties, we reported
in Table 2 a level of influence of each parameter on relaxivities
that could be used as a recommendation guide by researchers.

5. Conclusions

In this perspective article, we presented and discussed our
research activity of the last 10 years focused on the comprehen-
sion of the physical mechanisms on the basis of the nuclear
relaxation of superparamagnetic nanoparticles as a function of
their chemical-physical properties.

Summarizing, the overall results showed a clear depen-
dence of nuclear relaxivities ; and r, on the composition and
size of the magnetic core of superparamagnetic MNPs and the
solvent used to disperse superparamagnetic MNPs. In the case
of maghemite/magnetite MNPs, which remain the most used
MNPs to date for their low toxicity, the diameter of the mag-
netic core should be preferably bigger than 11-12 nm for
obtaining a sizeable effect on the relaxometric efficiency, at
least comparable to Endorem®. Doping iron oxide MNPs with
Co, Mn, Zn, etc. strongly influences the nuclear relaxivities and
their dependence on the field intensity, often leading to better
results when compared with undoped MNPs. At the same
time, these kinds of ions, if released in the cells, have an
impact on the biocompatibility of the MNPs due to their tox-
icity and thus imply extensive studies on their cytotoxicity.

The effects of shape, coating and functionalization of the
superparamagnetic MNPs need to be further investigated and
interpreted also in view of developing effective models to
predict their efficiency as MRI contrast agents.

Nevertheless, we recommend the research community
involved in MNP synthesis and characterization to put an
effort in the direction of investigating new systems where
microscopic characteristics, like shape and coating, are
changed in a systematic way. No clear and undisputed rec-
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ommendation about the best features of shape and coating
can be provided to date, mainly because of the absence of the
above-mentioned systematic investigation. In fact, we observe
that only by studying the magnetic behaviour as a function of
one MNP parameter fixing the others (e.g. varying the shape
and fixing the coating, composition, size, solvent, etc.), the
obtained experimental results could be rationalized. For
example, the great variability of type of functionalization from
one group to another makes the interpretation of the results
very complex and not unique. In order to reach this goal, a
large number of MNPs should be available to the researchers.
As concerns the data interpretation, we adopted the heuris-
tic model of Roch et al. to interpret our experimental NMR-D
profiles and describe the spin dynamics involved in the relax-
ation processes quantifying its effects. The application of the
model to a large number of cases pointed out a clear differ-
ence between its ability to describe longitudinal and transverse
relaxivity. In the first case, indeed, the model was able to satis-
factorily fit the r; profiles of many different superparamagnetic
MNPs providing information on some of their physical quan-
tities such as, for instance, the Néel correlation time 7y, by
NMR, and the distance of minimum approach r4 of solvent
molecules near the superparamagnetic MNPs. As the r, pro-
files are not well reproduced, we wish that this perspective
article could be a stimulus for the future development of
theoretical models capable of describing more extensively the
nuclear magnetic relaxation of this type of nanoparticle.
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