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ABSTRACT. Due to weak exchange interactions, magnetite particles at a critical diameter of about
20 nm are considered monodomain. At this size, they exhibit a phenomenological magnetic
property called superparamagnetism, making them useful as Magnetic Resonance Imaging
Contrast Agents, or MRI CAs. However, questions persist regarding the impact of using different
physiological solvents and varying the environment in which these particles are dispersed on their

performance, determined by their relaxivity. A colloidal suspension of superparamagnetic iron



oxide nanoparticles (SPIONSs) electrostatically stabilized by citrate ligand was synthesized using a
fast, reliable, and reproducible developed microwave approach, ensuring high stability over time
at pH 7. We studied the effects of three physiological media on these MRI CAs. Ultra-pure water
was used for the synthesis, while phosphate-buffered saline and physiological liquid were used to
disperse the nanoparticles, as these media contain essential electrolytes for the functioning of the
human body. The SPIONs underwent systematic characterizations to determine their
physicochemical and magnetic properties. This study reports the longitudinal relaxivities of
SPIONs at medically relevant magnetic field strengths. Field dependence of their relaxivity
(efficacy) was evaluated using an Nuclear Magnetic Resonance Dispersion (NMRD) profile
measured over a wide range of proton resonance frequencies between 5 kHz and 600 MHz. The
Roch et al. model* was used to analyze the NMRD profile and evaluate the impact of SPIONs on
water proton relaxation in the different redispersion media. It was observed in this study that the
dynamics of water protons are not influenced by the redispersion media of these citrate-coated
SPIONs. However, the presence of salt ions notably reduces their relaxivities by lowering the

saturation magnetization of SPIONs.



INTRODUCTION: Materials at the nanoscale have a wide range of applications. They can be
used in spintronics as nanomagnets to store informations!, in the textile industry as nanofibers for
producing smart textiles?, and in civil engineering as insulators to reduce energy consumption’.
The use of magnetic nanoparticles (MNPs) is also of great importance in biomedicine. They can
be utilized for drug delivery by using the interaction between the nanoparticles NPs spin and an
external magnetic field to direct drugs towards tumors*>. MNPs can also induce a localized
temperature increase through Néel or Brownian relaxation® processes, causing cell death, a
therapeutic tool known as magnetic hyperthermia’'°. Additionally, their magnetic properties can
be employed in diagnosis to enhance contrasts in magnetic resonance imaging (MRI), MNPs are
then referred to as contrast agents (CAs)®!'"13. Combining these properties, MNPs can be used as
nanotheranostic particles for in vivo applications, despite challenges!®.

MRI CAs are used to shorten water proton relaxation times. MNP CAs fall into two categories:
the first one includes superparamagnetic iron oxide (SPIOs) which contain more than one crystal
per particle. They are classified as negative MRI CAs because they shorten transverse
magnetization time decay resulting in an enhanced T: effect. One example is Ferumoxide,
commercially known as Feridex® or Endorem®, which is dextran-coated iron oxide nanoparticles
IONPs clinically approved by the US Food and Drug Administration FDA in 1996 for liver and
spleen imaging!'>!7-18 Tn 2009, it was however taken off the market due to synthesis control issues,
limited applications, and other commercial reasons. The second category includes ultra-small
superparamagnetic iron oxide (USPIO) or monocrystalline iron oxide nanoparticles (MIONSs),
which contain only one crystal per particle. They can be classified as both positive and negative
MRI CAs because they also affect longitudinal magnetization time recovery leading to enhanced

T effects. Ferumoxtran, known commercially as Sinerem, Combidex, or Clariscan, is an example



of this category and is used for lymph node imaging '>!-13, Although these products were approved
for use in clinics by some European countries, they never received clinical approval from the US
FDA. Another example of USPIO is ferumoxytol commercially known as Feraheme®, a
carboxymethyl dextran-coated IONPs that is not clinically approved as an MRI CA but rather as a
treatment against iron deficiency anemia in patients with kidney failures. Nonetheless, recent
research has demonstrated its use as a positive MRI contrast agent at very low field (64mT) MRI
scanners'®.

The USPIO discussed in this work are citrate-coated. This coating enhances their colloidal
stability and allows for control over their size distribution. Additionally, the citrate coating
provides free negatively charged carboxylate groups on the particle surface, enabling the
attachment of other compounds such as antibodies and drugs. These particles are also non-toxic at
low concentrations?® and their synthesis protocol ensures high reproducibility. This makes these
USPIO suitable not only for use as MRI contrast agents but also for other applications. In our
previous work?!, both the synthesis and redispersion milieu were varied but no detailed effect on
water proton relaxation was investigated. This research aims to assess how three different milieus
(ultra-pure water, physiological liquid, and phosphate-buffered saline solution), in which USPIO
utilized as MRI CAs are dispersed, influence water proton relaxation. Several synthetic methods
have been developed over time, including thermal decomposition??, co-precipitation??,
hydrothermal?* and solvothermal synthesis, and microwave synthesis>>. Among these, microwave
synthesis offers sample monodispersity, high yields, and short reaction times (seconds vs. hours)
as demonstrated in a previous study?®. The ease and speed of microwave synthesis, combined with
the monodispersity of the samples, enable greater control over the physicochemical characteristics

and magnetic properties, making it the preferred choice in this work.



To our knowledge, few studies have investigated the effect of IONPs dispersion environment on
their relaxation properties?'?’. Since IONPs are primarily used in the human body, where various
molecules can impact water proton relaxation, it is crucial to carefully assess these effects. The
influence of the dispersion milieu on water proton relaxations is often correlated with nanoparticle
surface coating?’-°. However, these two parameters are distinct and may have different effects
when both are varied simultaneously. In this study, we aim to investigate how different milieus
(isotonic with human blood) in which IONPs are dispersed affect water proton relaxations while

maintaining citric acid as the capping agent.

Theoretical background
The efficacy of MRI IONPs-based CAs in terms of relaxation can be measured using equation
(D.
1,
T_l:Rl:rl[C]-l_T_lo l:1,2 (1)

Where R; water proton relaxation rate is measured in s™!, the slope 7; of the straight-line equation,

known as relaxivity, is the increase in relaxation rate of water protons induced by 1 mmol L'

IONPs, measured in s”' mM™!, [C] concentration of IONPs in mmol L and Ti is the relaxation
io

rate of water protons in the solvent without IONPs.

Nuclear magnetic resonance (NMR) longitudinal relaxation times, Ti, were measured as a
function of the magnetic field strengths. This measurement provides a plot called Nuclear
Magnetic Resonance Dispersion NMRD profile, which is considered a fundamental tool for
studying the relaxation properties of MRI contrast agents. In this study, these profiles were
analyzed using the Roch et al.* theoretical model. Obtaining and analyzing NMRD profiles serve

as a method for both characterizing IONPs®! and predicting their efficacy at any magnetic field



strength in MRI. Physicochemical and magnetic properties such as Néel relaxation time, crystal
anisotropy energy, the average radius of nanoparticles, and saturation magnetization are obtained.

This article discusses a detailed comparison of the impact of three different dispersion media of
IONPs on water proton relaxation. The comparison relies on systematic physicochemical
characterization techniques such as electron transmission microscopy, magnetometry, dynamic
light scattering, thermogravimetric analysis, and x-ray diffraction. NMRD profiles were obtained
and carefully analyzed. The physicochemical and magnetic parameters obtained were then
compared to those obtained through the previously mentioned techniques, and consistent outcomes
were observed.

SPIONs-induced water proton relaxation theories: a brief review

Water protons in the vicinity of unpaired electrons experience significantly shortened NMR
relaxation times. These electrons may come from paramagnetic compounds e.g. Gadolinium
chelates or superparamagnetic particles like IONPs. The Solomon-Bloembergen-Morgan (SBM)
theory®! predicts relaxation induced by paramagnetic substances, with chemical exchange being
the key relaxation process. Conversely, the Roch-Muller-Gillis (RMG) or Roch et al.3° theory
predicts relaxation induced by superparamagnetic entities, based on Ayant*? and Freed’s®? spectral
densities. There are three significant distinctions between the two types of CA: (i) Paramagnetic
compounds mainly shorten T, relaxation time while superparamagnetic entities mainly shorten T
relaxation time, with the former called positive and the latter negative CAs. (ii) Superparamagnetic
particles have high saturation magnetization values making relaxation more effective than in
paramagnetic compounds; and (iii) an intrinsic property known as internal anisotropy energy
provides magnetic moments in superparamagnetic particles a preferred alignment direction called

easy axis (often uniaxial). This feature is responsible for the difference in NMRD profiles, that is



the evolution of relaxation rate as a function of the magnetic field, between paramagnetic and
superparamagnetic compounds.

In the case of water proton relaxation induced by SPIONSs, also known as outer sphere relaxation
mechanism3>3 which is the basis of this study, relaxation arises from the magnetic dipolar
interaction between electronic magnetic moments and nuclear magnetic moments. This occurs via
two main processes; (i) when saturation of electronic magnetic moments, a local demagnetizing
field (magnetic dipole approximation’#) is generated. Nearby water molecules diffusing across this
demagnetizing sphere experience rapid relaxation due to the fluctuation of their magnetic
moments, defined by their precession with different proton Larmor frequencies. This process is
time-modulated by the translational diffusion correlation time 7, and referred to as Curie
relaxation dominant at high fields (Bo > 0.02 T)*°. Another relaxation process undergone by water
protons (ii) comes from the flip-flop motion of the electronic magnetization along its easy axis at
low field, governed by Néel relaxation time 7,° Hence, the relaxation of water protons in the
vicinity of SPIONs is based on the competition between these two relaxation mechanisms, Néel
relaxation dominates at low-field, and Curie relaxation dominates at high field. Relaxation theories
developed over time rely on the aforementioned mechanisms. Few groups were involved in its
development.

In 1992, Roch and Muller proposed the first theory®® for water proton relaxation induced by
SPIONSs. In this groundbreaking study, the authors focused on the relaxation behavior of large
particles (SPIO) which mainly experience Brownian relaxation®, so that their magnetic moments
are found closer to their easy axes, resulting in little or no precession in the static magnetic field
before alignment. In contrast, smaller particles (USPIO) have a larger angle between their

magnetic moments and easy axes, resulting in some precession in the static magnetic field before



alignment. So, their theory*® could not accurately model the low field part of the NMRD profile
of USPIO because the internal anisotropy energy, responsible for this behavior, was not explicitly
quantified. Another group, Koenig and Kellar, formulated a theory in 19953637 that did not account
for the internal anisotropy energy and could not be verified due to insufficient experimental data.
In 1998, Bulte et al*®**° developed their theory based on Koenig and Kellar’s work. They
incorporated a paramagnetic contribution to the relaxation process based on magnetometry
measurements, considering the incomplete saturation of the electronic magnetic moments. This
property is often observed in superparamagnetic particles due to their sensitivity to random thermal
fluctuations. While experimental data supported their theory, it is not widely used to analyze
NMRD profiles due to certain approximations and hypotheses used*!. These include a significant
number of fitting parameters, an assumption that an anti-ferromagnetic inclusion is responsible for
the high field behavior of transverse relaxation rate, and paramagnetic contribution that may arise
from the nanoparticle’s surface.

In 1999, Roch, Muller, and Gillis came up with a quite complete quantum mechanical
formulation®® of water proton relaxation induced by SPIONSs. In contrast to their previous work,
the relaxation equations included the internal anisotropy energy as an explicit parameter. However,
this was a topic of discussion in their study*?. They then developed a heuristic model that linearly
combines an infinite and zero internal anisotropy energy for efficient implementation and
calculation time. The Roch et al.*® model is now widely recognized as the preferred choice for
analyzing NMRD profiles of SPIONs in particular.?”-?*43-4 It forms the basis of a spin-lattice
relaxation model*® developed to expand the range of proton dynamics, by using different solvents
at varying temperatures. It is worth mentioning that earlier efforts to analyze the NMRD profile of

nickel nanoparticles using the Roch et al.>* model have been unsuccessful*’, as the theory



necessitated an extra calibration in the form of a weighing factor for Langevin's function. This is

1.3 model

because nickel has a higher magnetic susceptibility than iron. Although the Roch et a
has been successful in many aspects, a limitation has been discovered over the years. An effort to
examine the transverse NMRD profile of SPIONs was unsuccessful*'#3 as there was a discrepancy
between experimental measurements and theoretical predictions at high fields. A new approach to
the theory of magnetic nanoparticles-induced water proton relaxations was developed in 2016 by
Rollet et al.*®. This approach focuses on cobalt ferrite nanoparticles and is also based on Ayant??
and Freed’s®? spectral densities.

In summary, research on the impact of SPIONs on water proton relaxations is still ongoing, and
multiple theories exist without a clear consensus. Bulte et al's’®4? model differs from others due to
its 'three iron-phase' model, which is based on paramagnetic, small, and large superparamagnetic
inclusions contributing to both longitudinal and transverse relaxation of water protons. It's worth
noting that their theory does not account for anisotropy energy. Roch et al.'s*® model is widely
used and was developed for the analysis of SPIONs’ NMRD profiles. This makes it suitable for
our study, especially for our low anisotropic particles, as previous attempts with different particles

e.g., nickel nanoparticles were unsuccessful*’. Rollet et al's*®

model can be viewed as a generalized
one, as they explored the NMRD profile of highly anisotropic particles, uncovering dynamics not
addressed by other models, referred to as 'Rigid dipole'.

Experimental section

Materials and Synthesis

Functionalized IONPs were synthesized by the microwave method. To form a solution of iron

precursor, Alfa Aesar’s ferrous chloride tetrahydrate (FeClz . 4H>O CAS N° 13478-10-9) and ferric

chloride hexahydrate (FeClz . 6H2O CAS N° 10025-77-1) were dissolved in 15 mL of ultra-pure



water (resistivity 18.2 mQ cm at 25 °C) in a ratio of 1:2. 0.6 g citric acid monohydrate (C¢HsO7 .
H>0O CAS N° 5949-29-1) and 5 mL alkaline solution NH4OH (CAS N° 1336-21-6) from Sigma
Aldrich were added to the solution and thoroughly stirred until completely dissolved, resulting in
a dark-colored solution. A magnetic stir bar was added before inserting the solution into the
microwave oven. The mixture was then heated at 96°C for 40 minutes with constant magnetic
stirring at 1080 rpm and a maximum power of 850 W.

After obtaining a solution of nanoparticles, they underwent two washing and purification cycles
before resuspending in corresponding solvents. The first washing and purification step was
performed using 20 mL of absolute ethanol, followed by centrifugation at 10,000 rpm for 10
minutes. The second step was performed using 10 mL of the corresponding solvent and 20 mL of
absolute ethanol and centrifuged at 10,000 rpm for 10 minutes. One part of the solution was dried
at 80°C for 24 hours, while the other part was kept in solution for further characterization. The
mother solution had an initial concentration of approximately 20 g L-!. Seven different dilutions
are made, ranging from 12.5 pg mL™! to 800 ug mL-!, for relaxivity measurements.

To ensure unbiased comparisons between solvents that may arise from different syntheses, only
one synthesis was carried out and then divided into three portions, one for each corresponding
solvent. Following the synthesis in ultra-pure water, nanoparticles were named based on the
resuspension medium: NPsww in ultra-pure water, NPswpni in physiological liquid (PHI,
commercially available contains 9 g L'! NaCl), and NPsywpbs in phosphate-buffered saline solution
(PBS, commercially available contains 8 g L' NaCl, 0.2 g L' KCI, 1.4 g L-! Na,HPO4 and 0.2 g
L' KH2POy).

Experimental technique

10



Magnetic measurements of powder samples were conducted using a Physical Property
Measurement System (PPMS) equipped with a Vibrating Sample Magnetometry (VSM) Quantum
Design head operating at 14 T. Magnetization dependence of the applied magnetic field strength
was recorded between -50,000 Oe and +50,000 Oe at 300 K and 5 K. Zero-field-cooled (ZFC) and
field-cooled (FC) curves were measured in the temperature range of 5 K to 300 K with an applied
magnetic field of 75 Oe.

X-ray diffraction of powder samples was performed between 10 and 90 (2theta) degrees on a
D8 ADVANCE diffractometer from BRUKER equipped LYNXEYE detector for fluorescence
filtering and a copper X-ray radiation source (Ko = 0.15406 nm). Information on the iron oxide
phase was determined.

Shape and core size distribution of nanoparticles were obtained by Transmission electronic
microscopy (TEM). Two drops of nanoparticle solution at a 0.3 mg mL"!' concentration were set
on copper-grid carbon foils and allowed to dry. TEM was performed using a CM200-FEI, which
operates at 200 kV and has a lanthanum hexaboride (LaBs) electron source of wavelength 0.0025
nm.

The hydrodynamic size distribution of nanoparticles at 0.3 mg mL™! concentration (independent
of our concentration range) was measured by dynamic light scattering on a ZETASIZER Nano ZS
device from Malvern Panalytical. To ensure accurate results, three measurements of 10 runs each
were performed and the average was taken to determine the hydrodynamic diameter and its
standard deviation.

Magnetic and NMR relaxation data were corrected based on the inorganic core's (iron oxide)

percentage contribution only, using thermogravimetric analysis. The analysis was performed using
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a SETSYS EV 1750 TGA microbalance from Setaram. The heating temperature ranged from 20-
600°C at 10°C min™' under air (20 mL min™).

NMR relaxation times T1 and T> were measured at 37°C across a wide range of magnetic field
strengths using different instruments. Low field T relaxation times were measured at magnetic
field strengths corresponding to 5 KHz-10 MHz (proton-Larmor frequency) using the Fast-Field
Cycling (FFC) technique on a SMARTracer relaxometer from STELAR. A pre-polarization (PP)
sequence at 8 MHz was applied between 5 KHz and 4 MHz to enhance sensitivity. This was
followed by a non-polarization (NP) sequence between 4 MHz and 10 MHz. Signal acquisition
was performed at 7.2 MHz. A switching time of 3 ms was set for rapid change of the magnetic
field value, and the magnetization curve was fitted over 16 points (tau delay). Additional low field
T1 and T> relaxation times were measured using the inversion-recovery and CPMG (Carr-Purcell-
Meiboom-Gill) sequences respectively on Bruker Minispec mq20, mq40, and mq60 (20 MHz, 40
MHz, and 60 MHz respectively). The T relaxation time at high fields was measured using a
saturation-recovery sequence on spectrometers operating at different frequencies. These included
a 200 MHz spectrometer (4.7 T Oxford magnet and NMRCube console manufactured by RS2D),
as well as Bruker Avance III spectrometers operating at 300 MHz, 400 MHz, and 600 MHz. To
obtain longitudinal magnetization recovery curves, measurements were taken using 16 different
evolution times ranging from 1 ms to 5T1. Meanwhile, the transverse magnetization decay curves
were obtained by optimizing the CPMG sequence. This was done by adjusting the interpulse delay
tau (which is the delay between the first 90° and 180° pulse) and the number of echoes. We set
this delay to fall between 0.06 and 1.5 ms, and the number of echoes to fall between 125 and 1024
to cover the seven concentrations used in this study.

Result and discussion

12



Morphological and structural analysis
The micrographs (under bright field) of the three samples are presented in Figure 1, which
clearly shows monodispersed, little or no aggregation state, and well-defined spherical shape

nanoparticles.

Figure 1. TEM micrographs of samples (a) NPsww (b) NPswphi and (c) NPswpbs, size distribution

histogram fitted with a log-normal function.

Over a thousand nanoparticles were counted using ImagelJ software based on automatic contrast-
related counting. The resulting histogram was fitted with a log-normal function. The average
diameters and standard deviations are reported in Table 1. Globally, all three samples exhibited
the same average inorganic core diameter: 2.6 + 1.1 nm, 3.1 + 1.3 nm, and 3.2 £+ 1.5 nm for
NPsww, NPswphi, and NPswpbs respectively. The slight difference between NPsww on one side and
NPswphi and NPswpbs on the other may be due to accumulated errors from the instrument and ImageJ
software. However, considering the standard deviations, core diameters remain in the same order

of magnitude.

Table 1
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TEM size, hydrodynamic diameter (DLS), saturation magnetization (VSM, 300K, and 5K), and
inorganic core (iron oxide) contribution by TGA for the three samples as a function of the

dispersant medium.

Sample Dispersant Diameter Msat Iron oxide
(nm) (emu g™) (%)
<TEM> <DLS> 300K 5K
NPsww Water 26+ 1.1 10 + 2 50 72 55.3
NPSwphi PHI 3.1 +13 8+ 2 37 50 65.8
NPswpbs PBS 32+1.5 6 t1 35 50 66.2

The XRD patterns for all samples are shown in Figure 2, we observed similar peaks at the same
angles. Phase determination was performed for all samples using magnetite (PDF 00-065-0731)
as a reference, which showed a lattice parameter of 0.8375 nm and crystallization in the space
group Fasm. The lattice parameter found for our nanocrystals lies between that of reference
magnetite (0.8385 nm) and maghemite (0.8354 nm). This indicates that our nanocrystals possess
a deviation from stoichiometry, possibly due to an insufficient amount of oxygen in the inverse
spinel crystal lattice structure. The XRD patterns do not clearly distinguish between magnetite and
maghemite iron phases. In a previous work*, Mossbauer and Raman spectroscopies were used to
determine the percentage of magnetite in these particles obtained with an optimized synthesis
protocol, the nanoparticles (inorganic core) were characterized as magnetite with a slight oxidation
state (sub-stochiometric magnetite particles).

In samples NPswphi, and NPsypbs, new peaks were identified compared to NPsyww. These peaks were
identified with sodium chloride phase (PDF 04-016-2944), indicating the formation of NaCl matrix

in both samples. This is because physiological liquid and phosphate-buffered saline are solvents
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with high salt content. Since both TEM and XRD provide information about the inorganic core,

an investigation of the organic layer was carried out by DLS.
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Figure 2. XRD patterns of NPsww (green), NPsyphi (blue), and NPswpbs (red) identified with

magnetite reference PDF 00-065-0731(purple) and sodium chloride PDF 04-016-2944 (orange).

Investigation of colloidal stability showed NPsww had a negative zeta potential of -34 mV at 0.2
mg mL-! in ultra-pure water. Because of the high salt content in NPsyphi and NPswpbs zeta potential
measurements were unstable. DLS experiments showed a significant increase in the diameters of
various samples, as presented in Table 1 and Figure 3. This increase corresponds to an additional
layer on the surface. Indeed, DLS allows for the measurement of the hydrodynamic diameter
encompassing the inorganic core diameter, and the organic layer, as well as a solvation layer. The
substantial increase in diameters corresponds to the size of the organic and solvation spheres.
Surface functionalization was confirmed in our previous work?® on optimizing this synthesis
protocol. This was achieved by varying synthesis factors such as ramp time, stage time,

temperature, microwave power, and stirring duration. Fourier-Transform Infrared Spectroscopy

15



and Thermogravimetric Analysis confirmed an organic and solvation sphere at the surface of the

nanoparticles.
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Figure 3. DLS number size distribution of NPsww (green), NPsywphi (blue), and NPswpps (red).

Magnetic characterization

Figure 4a displays magnetic moment dependence with the applied magnetic field M(H) at room
temperature, conducted on powder. At this temperature, no hysteresis was observed, which
indicates that the nanoparticle’s magnetic moments are in a superparamagnetic state. This occurs
in certain materials such as ferromagnets, ferrimagnets (magnetic state of magnetite at the
macroscopic scale), and antiferromagnets when their sizes are reduced to the nanometric scale,
such that they are considered monodomain (single-particle behavior). In the absence of an external
magnetic field, there is no net macroscopic magnetization. This occurs because the random
alignment of magnetic moments, caused by thermal fluctuations, overcomes the magnetic
anisotropy energy barrier. As a result, magnetic moments jump from one easy direction to another,
causing the average magnetization to be zero as long as the measurement time is greater than the
average time between flips. These particles are often characterized by a low coercive field and

little or no remanant magnetization. A uniaxial symmetry is assumed in this context. Saturation
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magnetization values were obtained by fitting Langevin’s function at 300 K (see Figure S1). The
values obtained were 50 emu g! for NPsyw, 37 emu g for NPswphi, and 35 emu g™ for NPsypbs.
These values were corrected based on TGA (Table 1) to take only into account the inorganic core
for the weight of the material. It is worth noting that there is a noticeable decrease in saturation
magnetization in NPswphi and NPswpps. This decrease may be attributed to the diamagnetic nature

of the salt content found in these samples, as evidenced by XRD.
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Figure 4. Magnetic measurements indicate saturation magnetization M(H) curves at (a) 300 K and

(b) 5K. Inset: zoom to show the low-field region at SK.

Temperature dependence of the superparamagnetic state was evaluated by Zero Field Cooling
(ZFC) and Field Cooling (FC) curves, as displayed in Figure Sla. The maximum of the ZFC
curves corresponds to a blocking temperature distribution of 17 K for all three samples. Below this
temperature, M(H) curves measured at 5 K (Figure 4b) demonstrated a relative increase in
saturation magnetization compared to the measurements at 300 K. Additionally, a zoomed-in inset
at low fields displayed loop-like behavior. These observations strongly indicate a transition of the

magnetic moments from a superparamagnetic state at room temperature to a blocked state at 5 K.
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Longitudinal r1 NMRD profile

Figure Sa displays the longitudinal r1 NMRD profiles obtained for all three samples at 37°C.
Experimental r; data were calculated from the linear regression of the relaxation rate R; against
different concentrations (refer to Figure S2) and corrected by TGA to have a relaxivity value
related to the mass of iron oxide only.

The Roch et al.3? heuristic model given below was used to fit the experimental data.

_ 321w Ho 2 2 ngm M . M
"1 = 35,0000 (4n) Vi NaC X (rdsz-D) X [7==PJp(ws, Tp,Tn) + 7(1 = P) == Jr(w}, Tp, Ty) +
L(a)
3 (1 - LZ(“) - ZTa)]F(wI;TD;TN) + 312 (a)]A((‘)I;TD)] 2)
With,
1+20"2 _
Jr(®,7p, Ty) = Re (W) Q=iwty + :_1[\)/
1+%”+§
Jalwp,Tp) = e S b u=.2wtp
VL L

2 6 81 81 648

Where p, is the permeability of free space, y; is the proton gyromagnetic ratio intrinsic to the
considered nucleus, N, is the Avogadro’s number, C is the concentration of Fe;O4 equals 1
mmol.L"!, pig,,, is the magnetic moment of the nanoparticles, 7457 is the minimum distance of
approach of water molecules relative to the electronic magnetization, D is the proton diffusion
coefficient, L(a) is the Langevin’s function with @ = pg,m Bo/(KpT), P is a coefficient from the

linear combination of anisotropy energies, for E; — co, P = 0 and for E;, —» 0, P = 1, wg and w;

are the electronic and proton Larmor frequencies respectively, /4 and Jr represent Ayant’s*? and
Freed’s®? spectral densities respectively, Ty is the Néel relaxation and 7, is the translational

diffusion correlation time given by .5 #7/D.
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A MATLAB? script was developed to perform the fitting process using the built-in ‘fminsearch’
function. The script used varying parameters rdii, Ty, Uspm» D, and P. A Monte Carlo procedure
was implemented to obtain the uncertainties on these fitting parameters and to verify the
convergence of the fitting procedure through over 4096 iterations. Different initial conditions were
tested and the results consistently confirmed the convergence of this fitting procedure. The results
are summarized in Table 2. The saturation magnetization M, was calculated from pg,,, and the
result was compared to the values obtained from VSM. The comparison showed consistent results,
but it’s important to note that the measurements were conducted in different states of matter, in
which dipolar interactions differ. VSM measurement was carried out on powder (solid), where
magnetic dynamics can mainly be explained by the Néel relaxation model® and temperature
dependence of the dynamics by the Vogel-Fulcher-Tammann model®'—3. In contrast, NMR was
performed on a colloidal solution of nanoparticles. The slight discrepancy in values may be
explained by the nature of dipolar interactions in these two states and also by the fact that Roch et
al.’s model was developed for the case of non-interacting particles. NMR gave an average diameter

(27gify) that remarkably falls in between the values obtained from DLS and MET (Table 1).
According to Roch et al.’s* theory, 14,7 reflects the diffusion of water molecules relative to the

demagnetizing field created by the electronic magnetization. In the case of our citrate-coated

nanoparticles, the value of 1 may therefore be influenced by the permeability of this ligand.

Table 2

Data extracted (rdif, Ty, Uspm» D, and P) from the analysis of the longitudinal ri NMRD profiles

using Eq. (2) (error estimate based on 4096 Monte Carlo iterations) and the calculated saturation

magnetization values (MsatNMmR).
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Samples Taiff Ty Uspm D p Msae nmr

(10 m) (101%s) (1020 Am?) (10°m?s™) (emu g)

NPsww 22102 89+0.5 4.8 +0.6 2810.6 0.3 +0.05 52
NPSwphi 24102 7.7x0.5 44+0.6 28 +0.7 0.3 +£0.05 48

NPSwpbs 26102 8.5+0.5 39+04 24104 0.3 +£0.05 43

In Figure 5a, it is observed that there is a shift of the NMRD profiles from NPSwpbs t0 NPsww
towards higher values of relaxivity across all proton Larmor frequencies. This shift is not due to
the difference in composition (salts) of the redispersion media, as NMRD measurements
performed on water protons of the three solvents alone (without NPs) gave the same longitudinal
relaxation values over the entire 'H frequency range (data not shown). Nor can this discrepancy
be explained by a difference in pH between the three media®. Indeed, in the pH range measured
here, i.e. 6.5-7.5, the corrections on the NMRD curves are negligible compared to the observed
shifts.

Actually, upon normalizing the low-frequency experimental data (for each dispersion medium,
raw data have been divided by the average ri between 0.005 and 0.12 MHz) to obtain a master
curve, a perfect superposition of all NMRD curves was obtained (see Figure 5b). This is a clear
indication that the dynamics (correlation times and diffusion rates) of water protons in the three
samples are the same. Thus, the decrease in r1 in NPswphi and NPswpbs may be correlated to the
presence of the NaCl matrix (revealed by XRD), which leads to a decrease in saturation
magnetization values. Indeed, as shown in simulations of Figure S3, as saturation magnetization

decreases, so does water proton relaxation. This is because the strength of the demagnetizing field
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created by the electronic magnetization, which is related to saturation magnetization value, also

decreases. As a result, water protons diffusing across this field experience slower relaxation.
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Figure 5. (a) Comparison of the analyzed longitudinal ry NMRD profiles of NPsyw (green), NPswphi
(blue), and NPsypbs (red) at 37°C in the frequency range 0.005-600 MHz and (b) calculated ratio

r1/<r1(0.005-0.12 MHz)>.

It is demonstrated here that, Roch et al.*° theory accurately modeled the longitudinal ri NMRD
profiles obtained on citrate-coated SPIONs in different redispersion media, leading to the
extraction of important physicochemical parameters that could be compared to those obtained by
other methods (TEM, XRD, DLS, magnetometry). Very consistent outcomes were observed,
demonstrating the value of low-field relaxometry measurements for a complete characterization
of SPIONs as MRI contrast agents.

The NMRD profiles we obtained showed that these citrate-coated USPIO are most efficient for
a positive contrast at 40-60 MHz (0.9-1.4 T), which corresponds to the magnetic field strength
typically used in medical MRI (1.5 T). Therefore, these particles are optimal for use as MRI CAs

in this field range. We also measured transverse relaxation time T> in this range of magnetic fields
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to investigate the efficacy of these particles as negative MRI CAs, as reported in Table 3. It can

be seen that the SPIONSs synthesized in this work can be used as both T and T> contrast agents.

Table 3

Longitudinal and transverse relaxivities measured at 40 MHz (0.9 T) and 60 MHz (1.4 T) and

37°C.
Sample 1 (s mM) r2 (s mMT)
40 MHz 60 MHz 40 MHz 60 MHz
NPsww 21.3+0.6 19.8 +£ 0.5 46,6+ 14 525+1.2
NPswphi 156+ 0.2 148+ 0.2 35.2+0.5 40.7+ 1.8
NPSwpbs 12.7+ 0.3 119+ 0.3 30.1+0.5 344405
Conclusion

This study provides a comprehensive analysis of the relaxation properties of superparamagnetic
iron oxide nanoparticles (SPIONs) across a wide proton frequency range, corresponding to a
magnetic field range of 0.24 mT to 14.1 T. The results clearly demonstrate that the SPIONs
synthesized using the microwave approach, coated with citrate, and with an average inorganic core
diameter of 3 nm, are excellent candidates for use as contrast agents in MRI. Three distinct
physiological media were tested for the redispersion of the nanoparticles: ultrapure water,
physiological liquid, and phosphate-buffered saline solution. The SPIONs underwent systematic
characterizations to determine their physicochemical and magnetic properties, and their
performance as contrast agents was evaluated by measuring their longitudinal relaxivity as a

function of the magnetic field using a fast field cycling NMRD approach.
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The NMRD profiles acquired in the three different physiological media were carefully analyzed,
yielding the following findings: (i) consistent physicochemical parameters can be directly obtained
from the NMRD profiles, with consistency verified through various characterization methods; (ii)
the redispersion media do not affect the SPIONs' dynamics in solution; and (iii) the SPIONs
synthesized in this study are suitable for use as contrast agents at magnetic fields typically
employed in medical MRI. It was also observed that the SPIONs can function as both Ty and T>
contrast agents.

Furthermore, this study highlights that NMRD is an innovative methodological approach that
allows for the rapid acquisition of the physicochemical and magnetic properties of SPIONSs. It is
also invaluable for characterizing the relaxation properties of the nanoparticles over a broad
magnetic field range, facilitating the determination of the most suitable field for medical MRI

applications.
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