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Abstract

More and more biomedical applications used nanoparticles to improve their quality and their
possibilities. Among the nanoparticles used, Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are
often used because these nanoparticles are biocompatible, non-toxic and the ease of synthesizing
them. The aim of this study is to obtain highly water-soluble iron oxide nanoparticles using a
microwave process. The SPIONs developped with this technique have a diameter between 2 nm to 4
nm range, are monodisperse and stable in an aqueous media. Indeed, with the microwaves, the control
of the temperature is more precise and allows so to obtain nanoparticles with a same diameter. After
the synthesis, several characterizations are carried out to determine the shape, the size, the chemical
composition, the stability and the magnetic properties. Then, these SPIONs can use to control the
regeneration of tissues such as cartilage tissue. For that, SPIONs are internlasized in mesenchymal
stromal cells (MSCs) because these cells can to differenciate into all humans cells and allows so to
regenerate all tissues: these cells are good candidate for tissue engineering. In this work, the
internalization of SPIONs and the cytotocixity are studied and confirm the biocompatibility of our
SPIONs. Then, for the control of the regeneration of tissues, relaxometry and MRI (Magnetic
Resonance Imaging) of SPIONs are realized to compare with the commercial contrast agent present
(Endorem®). For our SPIONSs, the values of transverse and longitudinal relaxivities are high and in the
same order to Endorem®.

Keywords: iron oxide nanoparticles, microwave assisted synthesis, MTT tests, relaxometry
measurements, MRI, NMRD profils

1. Introduction

Magnetic nanoparticles, and especially iron oxide nanoparticles, are used often in biomedical
applications such as hyperthermia, drug delivery, contrast agents, etc [1-5]. In function of the size,



iron oxide nanoparticles will have different magnetic properties: for a spherical nanoparticle, if the size
is higher to 20 nm, nanoparticles will have a ferrimagnetic behaviour [6]. However, if the size is lower
than 20 nm, iron oxide nanoparticles will have a superparamagnetic state: this magnetic state is
important for different imageries such as Magnetic Resonance Imaging (MRI) [7-9], Magnetic Particle
Imaging (MPI) [10-12] or a combination of other medical imaging with for example Positron Emission
Tomography (PET) [13—-15]. However, these last imaging techniques (PET/MPI) are used for a
diagnostic imaging instead of MRl is used to obtain anatomical information.

Due to their superparamagnetic behaviour and their biocompatible nature, Superparamagnetic Iron
Oxide Nanoparticles (SPIONs) are good candidates for these imagery techniques. These SPIONs should
have several optimum physico-chemical properties for biomedical applications: size and a narrow size
distribution, stable in an aqueous solution, good magnetic properties.

To obtain SPIONs with these properties, there exists different synthesis with each advantage and
disadvantages. For example, thermal decomposition is a good synthesis to obtain SPIONs with a good
crystallinity, a control of the size, the shape and the size distribution [7,16—18]. The disadvantage of
this synthesis is the presence of an organic solvent: another step to remove the organic solvent is
obligatory for the biomedical applications [19,20].

To overcome this problem, a synthesis directly in water can be done: it’s the coprecipitation synthesis.
This synthesis is the most used because nanoparticles are easily and quickly obtained [21-23]. To
synthesise SPIONs, a mixture of iron salts (generally iron chloride Il and iron chloride 1) with a base
(ammonium hydroxide) is realized [24]. However, the control of the shape, size and the size
distribution is very difficult and aggregation phenomena occur [25]. In order to isolate SPIONs, a
functionalization step is necessary with organic or/and inorganic shells [26—29].

To control the size, the shape, the size distribution and magnetic properties directly in an aqueous
solution, a new synthesis method is more and more used: microwave synthesis [30,31]. Indeed, thanks
to microwave irradiations, there is a control of the temperature inside the reactor (the temperature
gradient between the walls of the reactor and the interior is minimal) thus allowing a better control of
the physico-chemical parameters [32]. In addition, this process allows synthesizing a high quantity of
SPIONs with a very good yield in a short time.

This synthesis method coupled to a functionalization by a ligand allows to obtain SPIONs which are
stable in an aqueous solution with a good control of the size, the shape and the size distribution.

The goal of these nanoparticles is to use these for the biomedical applications such as MRI. However,
before to obtain MRI images, a study of the SPIONs behaviour with cells is important. For this, an
internalization of SPIONs in mesenchymal stromal cells (MSCs) is carried out. Indeed, these cells
provide a large possibility to regenerate damaged tissues in articular diseases thanks to their large
differentiation potentialities [33]. With SPIONs inside MSCs, a follow-up of the cartilage regeneration
is possible through the MRI.

To increase the quality of images in MRI, contrast agents are increasingly used. Indeed, they allow to
decrease the examination time, to quickly and easily distinguish between healthy and diseased tissues
and to provide more information on the functioning of the organs [9]. There exist two types of contrast
agent: positive contrast agent and negative contrast agent. The positive contrast agents are composed
of a paramagnetic center (such as Gd*, Mn?* [34,35]). They can shorten the longitudinal relaxation
time (T1). In addition, the contrast agent with a Gd*>* complex can cause a toxicity if the cation is free



on a living organism [36]: the goal with these contrast agents is to chelate the paramagnetic centre or
to use another cation such as Mn?*. For the negative contrast agents, they are composed of a
superparamagnetic center (iron oxide nanoparticles for example): they can shorten the transverse
relaxation time (T2), which allows a reduction in the intensity of the signal [37,38]. To increase this
transverse relaxation, several commercial contrast agents, such as Endorem®, Ferumoxides®, were
used in clinical MRI. These contrast agents are SPIONs with an inorganic core diameter around 5 nm
and a hydrodynamic diameter around 100-150 nm.

The goal of this study is to synthesise SPIONs with the microwave synthesis. After the synthesis,
systematic characterizations were realized to determine the shape, the size, the chemical composition,
the stability and the magnetic properties. Then, after a sterilisation step, a study of the internalisation
of SPIONSs in cells as well as a study of the cytotoxicity are carried out to check if these nanoparticles
are biocompatible in human cells. Finally, to verify if these nanoparticles have a good signal in MRl and
to determine the best conditions to use it, relaxometry measures and MRl images were performed.

2. Materials and methods

2.1 Materials

Ferrous chloride (FeCl;.4H,0) and ferric chloride (FeCls.6H,0) were purchased from Alfa Aesar. Citric
acid (CeHgO7), absolute ethanol (99%) and ammonium hydroxide solution (NH4OH) were purchased
from Sigma Aldrich. In all experiment, ultrapure water (resistivity = 18.2 MQ.cm) was used.

2.2 Synthesis

A solution of ferrous chloride (FeCl,.4H,0; 5.03 mmol) and ferric chloride (FeCls.6H,0; 3.7 mmol) with
citric acid (Ce¢H70s; 3.16 mmol) in 15 mL of ultra-pure water is realized in a Pyrex reactor for the
microwave. Then, 5 mL of ammonium hydroxide solution (NH,OH) is added to precipitate the solution:
the solution turns black and it is placed in the microwave reactor. The microwave is a single mode
microwave (Monowave 400) from Anton Paar which operates at a frequency of 2.45 GHz and with a
maximum power of 850W.

The solution is heating at 96°C for 40 min. The synthesis parameters are optimised by a design
experiment. After heating, the solution is collected and washed by centrifugation with different
solvents. The first step is a mixture of absolute ethanol and the nanoparticles solution which is
centrifuged during 5 min at 10 000 rpm. The last step is another centrifugation during 5 min at 10 000
rpm with a mixture of ultrapure water and absolute ethanol. Finally, SPIONs obtained are dispersed in
ultrapure water. A part is evaporated at 60°C in an oven to obtain powder for some characterization
techniques. The other part stays in liquid state for TEM, DLS and FTIR analysis. For this study, three
experiments are presented: one which has the optimised parameters (SPIONs_CA1) and two which
come from the design experiment (SPIONs_CA2 and SPIONs_CA3). The difference of the synthesis
between SPIONs_CA1 and CA2 is the temperature rape time: 5min for SPIONs_CA2 and 10min for
SPIONs_CA1. For SPIONs_CA3, the difference with SPIONs_CA1 is a higher temperature of synthesis
(110°C instead of 96°C).

2.3 Characterizations techniques



Different techniques are used to control the physico-chemical parameters of SPIONs.

2.3.1 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is used to analyse the size, the size distribution, and the shape
of SPIONs. The TEM is a CM200-FE| operating at 200 kV (point resolution 0.27 nm). A drop of the
solution was deposit on a copper grid with a carbon film and dried to evaporate the solvent. After the
analysis, the size distribution is calculated using free software Imagel.

2.3.2 Dynamic Light Scattering

Dynamic Light Scattering (DLS) was performed by the ZETASIZER Nano ZS device from Malvern
Panalytical. The solution of SPIONs obtained after the synthesis is diluted to obtain a solution with a
concentration of 0.2 mg/mL. Thanks to the DLS measurements, the hydrodynamic diameter and the
stability of SPIONs in the solution can be determined. DLS measurements are performed three times
and the average of these three measurements will be presented in this study.

2.3.3 X-Ray Diffraction

X-Ray Diffraction (XRD) patterns were recorded in standard conditions with an INEL CPS120 equipped
with a monochromatic cobalt radiation (Co Ka = 0.17886 nm) at grazing angle of incidence
simultaneously at 120°.

2.3.4 Fourier Transform Infra-Red

Fourier Transform Infra-Red Spectroscopy (FTIR) was performed with a Nicolet 6700 from Thermo-
Fisher between 400 and 4000 cm™® with a resolution of 4 cm™ and an accumulation of 256 scans for
each spectrum.

2.3.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on SPIONs powder to determine the quantity of the
organic shell and of the iron oxide core. The device used was a SETSYS EV 1750 TGA microbalance from
Setaram. Experiments were conducted in the temperature range of 20-600°C under air flow (20
mL/min) at a heating rate of 10°C/min.

2.3.6 Magnetic measurements

A Superconducting Quantum Interference Device (SQUID) with a Vibrating Sample Magnetometer
(VSM) from Quantum Design is used to determine the saturation magnetization (Ms) and the blocking



temperature (Ts). The magnetic field which is applied sweeps from +5 T to -5 T and then from -5 T to
+5T.

For the Zero Field Cooled/Field Cooled (ZFC/FC) curves, the sample was cooled to 5K without magnetic
field. After, a magnetic field of 0.02 T is applied and the temperature heats from 5K to 300K (ZFC curve).
Finally, the sample was cooled down to 5K (FC curve).

2.3.6 Ethics statement, isolation and culture of human bone mesenchymal stroma cells
(MSCs)

MSCs were isolated from femoral necks of patients undergoing total hip replacement (all bone samples
were received from our local bone bank, UTCT). The MSCs obtained were anonymous when
researchers received them. These experiments with MSCs were approved ethically and
methodologically by the local Research Institution (Direction de la Recherche et de I'Innovation
registration number UF 9757 — Contrat de Programme de Recherche Clinique — Cellules souches et
chondrogeneése). These studies were conducted with informed patients (written consent, non-
opposition) in accordance with the usual ethical legal regulations (decrees n2007-1220 and AC-2008-
49). All procedures were done in accordance with our authorization and registration number DC-2008-
263 given by the National “Cellule de Bioéthique”.

2.3.7 Cellular internalisation

Before all experiments with human MSCs, a sterilisation step of SPIONs is necessary. For that, an
autoclaving treatment is performed at 120°C during 30 min with an autoclave from Advantage Labo
(model ALO2-07-100). A previous work showed that the physico-chemical properties of SPIONs were
not modified after this sterilisation step [24].

SPIONs were internalized in mesenchymal stromal cells (MSCs) with different concentrations of SPIONs:
12.5 pug/mL, 25 pg/mL, 50 pg/mL, 100 pug/mL, 200 pug/mL, 400 pg/mL, 800 pg/mL and 1600 pg/mL. This
choice of these concentrations is based on the literature[39]. The solution of SPIONs were incubated
with MSCs at 37°C with 5% of CO, for 24 hours.

To control the internalisation of SPIONs in MSCs, Prussian Blue staining were realized. MSCs with
SPIONs were fixed with Paraformaldehyde (PFA) 4% for 10 min and then immersed in 2% potassium
ferrocyanide (Ks[Fe(CN)e]) and 2% HCI for 15 min. They were washed with distilled water and a
counterstaining with Kernechtrot (5 min) is realized. After a last wash with distilled water and absolute
ethanol, MSCs were mounted in Pertex resin. The stained cells were observed and recorded by light
microscopy (DMD108, LEICA).

2.3.8 Mitochondrial activity

Mitochondrial activity in MSCs with SPIONs was evaluated by an MTT (3(4,5-Dimethylthiazol-2-yl)-2-
5diphenyltetrazolium bromide) assay. MSCs were placed in wells (5000 cells per well for a volume of



100 pL) with 25 pL of MTT and plates were incubated at 37°C under 5% of CO; for 4 hours. MTT has
been reduced by dehydrogenase succinate to form formazan crystals.

The supernatant has been removed in order to lyse MSCs with 100 uL of SDS-DMF (80 g of sodium
dodecyl sulfate, 200 mL of dimethylformamide, 200 mL of water at pH = 4.7) during 24 hours at 37°C
with 5% of CO..

Finally, the absorbance was measured at 580 nm thanks to a spectrophotometer (Multiskan Ex from
Thermolabsystem). The results of mitochondrial activity are obtained after 24, 48 and 72 hours of
seed.

2.3.9 Relaxometry measurements

Prior to MRI measurements, relaxation properties of SPIONs were evaluated at several values of the
magnetic field. The longitudinal (R1=1/T;) and transverse (R,=1/T,) proton relaxation rates of water in
solutions containing SPIONs at different concentrations (the same concentrations as for cellular
internalisation) were measured at 25°C and 0.47T, 0.94T or 1.41T. The proton Larmor frequencies
corresponding to these magnetic field values are 20MHz, 40MHz and 60MHz respectively;
measurements were made with a Bruker Minispec MQ20, a Bruker Minispec MQ40, and a Bruker
Minispec MQ60 respectively. T; values were measured with an inversion-recovery pulse sequence and
T, with a CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence. The relaxivities (longitudinal relaxivity r;
and transverse relaxivity r.) were obtained by normalizing the relaxation enhancement of water
protons to a millimolar solution of Fes0,4. Each relaxivity measurement was realised three times in
order to evaluate uncertainties.

'H NMRD (Nuclear Magnetic Relaxation Dispersion) profiles (i.e., longitudinal relaxivities r; as a
function of the proton Larmor frequency) were also obtained between 5 kHz and 10 MHz on a Stelar
Smartracer fast-field-cycling relaxometer (Stelar company, Medde, Italy). Temperature was fixed at
25 °C and T; values were measured with an inversion-recovery pulse sequence on the same samples
as the ones used at 20MHz, 40MHz and 60MHz.

2.3.10 MRI measurements

MRI imaging were acquired with a Bruker Biospec Advance 24/40 with a 2.34 T magnetic field (100
MHz) equipped with a 5 cm diameter Rapid Biomedical volume resonator. The concentrations of
SPIONs which are used for MRI images are the same as the ones used for the cell internalisation and
for the relaxometry. Spin echo images were acquired for T, contrast with a repetition time of 5 s and
an echo time of 50 ms. The total acquisition time for one image was 21 min.

3. Results and discussion

TEM micrographs of each sample, SPIONs_CA1, SPIONs_CA2 and SPIONs_CA3, are shown in Fig.1
(respectively 1a, 1c and 1e) and in Fig.S1 with a higher magnification (respectively S1.a, S1.b and S1.c).
For the three samples, SPIONs are spherical and isolated. The size distribution of SPIONs is similar and



narrow for SPIONs_CA1, SPIONs_CA2 and SPIONs_CA3 as shown respectively in Fig 1b, 1d and 1f. The
main diameter obtained with these size distributions is, respectively for SPIONs_CA1, SPIONs_CA2 and
SPIONs_CA3, 2.62 £ 0.83 nm, 3.30 £ 1.10 nm and 3.80 £ 1.67 nm. These diameters are compared with
the hydrodynamic diameter obtained with DLS measurements (symbols on Fig 1b, 1d and 1f). The
hydrodynamic diameter is the diameter of the inorganic core plus the diameter of the organic layer
plus the solvation sphere. For each sample, there is only one narrow peak which corresponds to a
population of size of SPIONs. The hydrodynamic diameter of each SPIONs is larger than that obtained
with TEM measurements corresponding to a presence of an organic layer and the solvation sphere.
The value of the hydrodynamic diameter is expressed as a number in order to be able to compare it
with the diameter obtained by TEM. The hydrodynamic diameteris 7 £ 2 nm for SPIONs_CA1,9+ 2 nm
for SPIONs_CA2 and 15 £+ 4 nm for SPIONs_CA3.

Then, a XRD measurement on each sample is realised to know the crystallographic structure of SPIONSs.
XRD patterns are shown on supplementary figure S2. Magnetite (Fes04) and maghemite (y-Fe;0s)
crystallise in the same cubic crystal structure (F4.3m). XRD patterns of each sample are compared with
a reference pattern of magnetite (COD: 9005836). All the diffraction peaks are indexed with this spinel
structure. To confirm the inverse spinel structure, the lattice parameter is calculated for the main
peaks on each sample. The lattice parameter of reference Fes0, is equal to 0.8395 nm and that of
reference y-Fe,0s is equal to 0.8354 nm. The average lattice parameter is equal to 0.8384 nm, 0.8388
nm and 0.8370 nm for SPIONs_CA1, CA2 and CA3 respectively: there are between the lattice parameter
of magnetite and maghemite, those are substoichiometric magnetite.

Thanks to the Debye-Scherrer equation, the crystal size can be calculated to compare with the size
obtained by TEM images. Indeed, each nanoparticle can be assimilated to one crystal because each
nanoparticle is composed of a single domain. To calculate the crystal size, the mean peak of patterns
is used, i.e., the (311) peak at around 41.2°. The crystal sizes of SPIONs are respectively 3.5 nm, 3.8 nm
and 4.1 nm for CA1, CA2 and CA3. These sizes are in accordance with the diameter measured by TEM.

To confirm the presence of the organic layer, FTIR measurements are realised and shown on
supplementary information (Fig. S3). For the three sample, the characteristic vibration bands of citrate
are present, i.e., a large band from 3000 cm™ to 3500 cm™ which corresponds to the stretching
vibration of O-H of the hydroxyl group in citrate and absorbed water, a band at 2840 cm™ which
corresponds to the stretching vibration of CH, and the stretching band at 1050 cm™ of C-O of the
hydroxyl group. In addition, there are two intense peaks at 1610 cm™ and 1415 cm™ which are
respectively the asymmetric and symmetric stretching of carboxylate groups of citrate [40]. To confirm
the presence of the carboxylate groups, another band which corresponds to the stretching of C-O in
carboxylate is present at 1260 cm™. These two peaks are shifted compared to the carboxylate bands
of a sodium citrate solution (shift of 30 cm™): this shift is due to the chemisorption of citrate on the
surface of the iron oxide (Fig.2). Finally, in the organic part of FTIR spectra (from 1000 cm™ to 4000 cm"
1), a last peak is present and corresponds to the stretching of N-H: there is a presence of adsorbed free
ammonium.

With FTIR spectra, we can determine the type of iron oxide which is synthesized. Indeed, the FTIR
spectrum of magnetite has only one intense peak around 580 cm™ and, for maghemite, there are
succession peaks from 400 cm™ to 800 cm™ [41]. In our case, there is a peak at 580 cm™: the inorganic



core of the three samples is composed of magnetite. However, another peak can be observed which
results in a slight oxidation of the magnetite: the inorganic core is so substoichiometric magnetite (Fes-
5§04 with & the deviation from the stoichiometric).
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Fig 1: TEM images of iron oxide nanoparticles synthesised by a microwave process with their size distribution (columns) and
DLS measurements (symbols). SPIONs_CA1 (a), SPIONs_CA2 (c) and SPIONs_CA3 (e) with their respectively average size
equals to 2.62 + 0.83 nm, 3.30 £ 1.10 nm and 3.80 + 1.67 nm and a hydrodynamic diameter of 7+ 2 nm (b), 9 £ 2 nm (d) and
15+ 4 nm (f).
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Fig 2: Schema of iron oxide nanoparticle with an organic layer of citrate

The percentage in weight of this organic layer is determined by a thermogravimetric analysis (TGA)
and which presents in figure S4. For the three samples of SPIONs, there is the same weight loss. Indeed,
three steps of weight loss are present. The first begins at 30°C and finishes at 130°C and it corresponds
to the loss of water absorbed. The second stage, from 180°C to 250°C, can be attributed to the
decomposition of the citrate. Indeed, if we compare this stage with the decomposition of citrate, the
weight loss is similar (Fig S5). Finally, the last stage around 320°C corresponds to the last degradation
of citrate. The remaining mass is the mass of iron oxide which is oxidised to hematite (a-Fe,0s). The
quantity of iron oxide and ligand are detailed in table S1 in supplementary information. For
SPIONs_CA1 and SPIONs_CA2, the quantity of ligands and iron oxide are similar but, for SPIONs_CA3,
there is an increase of iron oxide so a decrease of ligands. This difference can be explained by the
grafting of citrate around the inorganic core. Indeed, citrate can be attached to iron oxide thanks to
carboxylate groups. However, with the centrifugation washing, some citrates can be separate to the
inorganic core.

Finally, the magnetic properties were studied to determine the magnetic state and the magnetization.
In first, a magnetization curve is realised at room temperature to show if a hysteresis is present or not
(fig S6). In our case, at 300K, there is no hysteresis and no coercivity: different SPIONs synthesised are
in a superparamagnetic state. The superparamagnetic state is a magnetic state where the sum of
magnetic moments is null [42,43]. Then, the magnetization saturation is determined thanks to these
curves and are equal to 55 emu.g?, 53 emu.g! and 59 emu.g? for SPIONs_CA1, CA2 and CA3
respectively. These magnetization saturations are in the same proportion with nanoparticles with the
same diameter [44]. To check if iron oxide nanoparticles are in a superparamagnetic state at room
temperature, a hysteresis loop is studied at 5K (fig S7). Indeed, at this temperature, iron oxide
nanoparticles are in a blocked state which results in an appearance of an opening of the curve. For
each sample, a hysteresis is present and confirms the blocked state at 5K. The magnetization
saturations obtained at 5K are higher than obtained at 300K due to the blocked state: there are 78
emu.g?, 78 emu.g? and 75 emu.g? for CA1, CA2 and CA3 respectively. To determine the transition
temperature between the superparamagnetic state and the blocked state (i.e., the blocking
temperature called Tg), a ZFC/FC curve is realised (fig S8). Tg is determined thanks to the maximum of
the ZFC curve (i.e., the curve from 5K to 300K) and is equal to 14K, 15K and 46K for CA1, CA2 and CA3:
the superparamagnetic state is confirmed at room temperature. In addition to that, these curves



correspond to a distribution of Tg and Tg is in function with the diameter of a nanoparticle: if the size
increases, the blocking temperature increases too [45]. In our case, for SPIONs_CA1 and SPIONs_CA2,
the ZFC/FC curves are narrow so it corresponds to a narrow size distribution: it is adequate to the size
distribution obtained by TEM analyses.

After a sterilisation step, a biological study on the behaviour of the iron oxide nanoparticles on cells is
realised. For that, different concentrations of SPIONs_CA1, CA2 and CA3 are brought into contact with
MSCs. Then, after a coloration of SPIONs and nuclei (with potassium ferrocyanide and Kernechtrot),
the internalisation of SPIONs is highlighted (Fig. 3). For the three samples, the internalisation increases
with the concentration of SPIONs. For SPIONs_CA3, the internalisation begins at low concentration
(12.5 pug SPIONs/mL) without aggregation of the nanoparticles. However, at high concentrations (400,
800 and 1600 pg/mL) for the three samples, few aggregates appear and could induce a cytotoxicity of
cells. Indeed, several studies have shown that the low concentrations (from 1 to 100 pg/mL) don't
affect the viability and toxicity of various cells such as MSCs [39].

SPIONs concentration after 72h of
incubation (ug SPIONs/mL)
0 12.5 25 50 100 200 400 800 1600

SPIONs_CA1l

SPIONs_CA2

SPIONs_CA3

Fig 3: Histological visualisation of human mesenchymal stem cells (MSCs) using Prussian blue staining and Kernechtrot
counterstaining. Staining was performed 72 hours after exposure of SPIONs (SPIONs_CA1, SPIONs_CA2 and SPIONs_CA3)
with different concentrations (from 100 to 1600 ug SPIONs/mL) (scale bare: 100 pm)

To verify this cytotoxicity, an analysis of the mitochondrial activity is carried out (Fig. 4). The
absorbance of the formazan complex (obtained through the reaction between MTT and the succinate
dehydrogenase) was collected after 24h, 48h and 72h and compared with a control (black columns)
which corresponds to the normal cell viability. For the three samples, there is an increase of the
mitochondrial activity over time: this increase is due to the classical cell proliferation. However, for the
high concentrations, a decrease in this activity is observed. For SPIONs_CA1, at 1600 pg/mL, the
mitochondrial activity is low at 24h, increases at 48h (30% of increase) and decreases at 72h (- 34%):
this evolution is likened to a cytotoxicity. For SPIONs_CA2, there is the same behaviour for the high
concentrations. Finally, for SPIONs_CA3, there is no difference between the control and the
concentrations from 12.5 pg/mL to 200 ug/mL over time. However, for the 400 pug/mL, 800 pg/mL and
1600 pg/mL and only at 24h, the mitochondrial activity is high than the other: for these concentrations,
the solution was more viscous than the other and generated a large deposit which was difficult to lyse
for analysis. But the presence of this large deposit doesn't induce a cytotoxicity because the
mitochondrial activity with the high concentrations is similar to the control. To confirm these results,



a LDH (Lactate DesHydrogenase) test will be released: the same conclusion about the toxicity of
different SPIONs was found but the data of LDH are not shown on this work.

Fig 4: Mitochondrial activity of MSCs with different concentrations of SPIONs collected at 24h, 48h and 72h (SPIONs_CA1 (a),
SPIONs_CAZ2 (b) and SPIONs_CA3 (c)). All comparisons were performed versus the control condition (0) with a 2-ways ANOVA
(SPIONs concentrations and time) followed by a Tukey’s test. Data are mean + sd. *p<0.5, **p<0.05 and ***p<0.01. The
experiment was carried out five times.

Once the no-toxicity of SPIONs asserted by the first biological tests, their NMR relaxation properties
were studied for a potential use as a MRI contrast agent. Longitudinal (R1) and transverse (R2)
relaxations rates were measured as a function of SPIONs concentration. Relaxivities were obtained
from the linear regression of these rates in accordance with the equation Ri = Rio + ri.C, where Ri-1, is
the relaxation rate (s) of the aqueous solution, Ri-12,0 (s) is the relaxation rate of the aqueous solution
without contrast agent, ri- 1, is the relaxivity (s*.mmol™2.L) and C the concentration of the contrast
agent (mmol.LY). It characterizes the contribution of the superparamagnetic nanoparticle to the
acceleration of water proton relaxation.



Figure 5 shows the transverse relaxation (i = 2) evolution of SPIONs_CA1, CA2 and CA3 at 60 MHz (i.e.,
1.4 T) with the concentration. The high values of r, obtained from the linear regression show that
SPIONs_CA1, CA2 and CA3 are good candidate for negative contrast agents [7,18,46]. The r, value is
58 st.mmoll.L, 88 st.mmol™.L and 158 st.mmol®.L for SPIONs_CA1, SPIONs_CA2 and SPIONs_CA3
respectively. These values are in accordance with other SPIONs with equivalent diameters
[47,48]. From SPIONs_CA1 to SPIONs_CA3, the increase in r; values is mainly due to the increase in
their hydrodynamic diameters because their saturation magnetizations are of the same order. To
complete the relaxation data of these nanoparticles, the r;value (longitudinal relaxation) is measured
in the same conditions (same concentrations at 60 MHz) and is equal to 22 s*.mmol™.L, 31 st.mmol
1L and 23 st.mmol.L for SPIONs_CA1, CA2 and CA3 respectively (Figure S9). The values of ri-;, , are
compared with the values of Endorem® a commercial contrast agent composed of a
superparamagnetic iron oxide core (around 5 nm) and an organic layer of dextran. Its hydrodynamic
diameter is around 80 to 150 nm [46,49,50] . Endorem® was used as a contrast agent for the lymphatic
system in Europe. From literature, Endorem® relaxivity values are between 10 to 24 s*.mmol™.L for ry
and 100 to 158 s*.mmol™.L for rpat 37°C and 1.5T : these values are in the same order as the relaxivity
values of our SPIONs [49,50].

SPIONs_CA1
= SPIONs_CA2
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Fig 5: Transverse relaxation rate Ry (s) as a function of SPIONs concentration (mM) at 60 MHz and 25°C. Dashed lines
represent the linear regression done for evaluating the transverse relaxivity r,

These relaxivity results are nicely confirmed by T>-contrasted Magnetic Nuclear (MR) images shown on
Figure 6. Images were obtained at 2.34T on phantoms corresponding to different concentrations of
SPIONs (the same as the ones used for MTT tests and relaxometry measurements). The
superparamagnetic nanoparticles act by lowering the relaxation time of water protons. When the
concentration of SPIONs increases, the signal in the T2-weighted images decreases, as expected.

The NMR relaxometric properties of SPIONs were further investigated by measuring r; and r; at
different values of the magnetic field (Figure S9 to S12). Table 1 summarises the value of ri-1, of
SPIONs_CA1, CA2 and CA3 at 20 MHz (0.47 Tesla), 40 MHz (0.95 Tesla) and 60 MHz (1.41 Tesla). For



the three samples, when the magnetic field increases (i.e., when the frequency increases), the r,value
increases too but the r; value decreases. This behaviour is classical for a superparamagnetic material.
To determine if our SPIONs are good candidates for contrast agent for MRI, the ratio between r; and
r1 is important (Fig S13) [51]. Indeed, if this ratio is higher to 2, the contrast agent is classified as a
negative contrast agent, especially under magnetic fields mostly used in MRI [51]. For SPIONs_CA1 and
SPIONs_CAZ2, the ratio is higher to 2 at 40 MHz (0.95 T) and 60 MHz (1.41 T), these magnetic field values
correspond to the ones commonly used in clinical MRI. For SPIONs_CA3, the ratio is higher to 2 under
any magnetic fields which are applied (between 3.5 to 6.7): this sample is a very good candidate to be
used in a living organism in future works. For comparison, this ratio is between 4 and 15 for Endorem®
according to the different authors [49,50].

SPIONs concentration (ug/mL)
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Fig 6: T, contrasted MR images at different concentrations of SPIONs under 2.34 Tesla

Table 1: relaxivity ri- 1, (s1.mmol.L) of SPIONs_CA1, SPIONs_CA2 and SPIONs_CA3 at different *H Larmor frequencies. The
relaxivity is obtained by normalizing the relaxation enhancement of water protons to a millimolar solution of SPION. Each
relaxivity was realised three times and the average with the standard deviation (sd) are in this table.

SPIONs_CA1 SPIONs_CA2 SPIONs_CA3
r rz r r r rz
20 MHz 23.7(0.3) | 39.3(0.4) | 34.4(03) | 59.7(0.3) | 29.0(0.1) | 103.6(0.7)
40 MHz 23.8(0.2) 52.5(0.2) 34.1(0.2) 78.6 (0.5) 26.5(0.1) 140.2 (0.7)
60 MHz 21.6(0.2) | 58.3(0.8) | 30.8(0.1) | 87.7(1.1) | 22.8(0.1) | 157.9(1.2)

Then, NMRD (Nuclear Magnetic Relaxation Dispersion) measurements allowed us to explore a wider
range of magnetic fields. Curves describe the evolution of r; as a function of the magnetic field
expressed in proton Larmor frequency: Figure 7 shows NMRD profiles of SPIONs_CA1, CA2 and CA3
between 10kHz and 60MHz (0.24mT-1.41T) at 25°C. Profiles are characteristic of relaxation induced by
superparamagnetic nanoparticles: at low frequency, the relaxation mechanism is driven by the
magnetic anisotropy of the nanoparticle, and at high frequency by the diffusion of water molecules at
proximity of the magnetic moments of the nanoparticles [44,51,52]. SPIONs_CA1, CA2 and CA3 are the
most efficient for water longitudinal relaxation between 20MHz and 40MHz (0.47-0.95T), this
magnetic field value correspond to the limit beyond which transverse relaxivity r, should be almost
constant because the saturation magnetization is reached [53], promising good efficiency as negative
contrast agent in MRI. The high field inflection point is correlated to the system dynamics and given by
the condition wyTp = 1 in which T, = r2/D with r the hydrodynamic radius of the nanoparticle and



D the relative diffusion coefficient of water. Using D=3.0 10° m?.s%, hydrodynamic diameter obtained
from the NMRD is equal to 7.4 nm, 6.5 nm and 13.0 nm for SPIONs_CA1, CA2 and CA3 respectively.
These diameters are fully consistent with the values obtained by DLS. These fittings are similar to a
fitting of a NMRD profile of Endorem®[49].
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Fig 7: Longitudinal relaxivity (r1) NMRD profiles of SPIONS between 10kHz and 60MHz (*H Larmor frequency). Continuous
lines represent the best fits obtained with the model of Roch et al. [54]

4. Conclusions

In summary, a new method of synthesis of superparamagnetic iron oxide nanoparticles was described
in this work. Indeed, these nanoparticles were synthesized by a microwave process and nanoparticles
obtained are monodisperse, stable directly in an aqueous medium thanks to the organic layer (citrate).
Nanoparticles had a diameter between 2.62 nm to 3.80 nm, had good crystallinity and magnetization
saturation higher. These nanoparticles had a goal to use for MRI. For that, several biological tests were
carried out to determine the cytotoxicity or not of SPIONSs.

The internalisation of SPIONs in MSCs was studied as well as MTT tests: for the three samples, there is
no cytotoxicity of MSCs in presence of SPIONs at low concentrations. In addition, the three synthesized
SPIONs are a good internalisation in cells, especially SPIONs_CA3 at low concentration: this SPION was
a good candidate for the MRI compared to the other. To improve these results, other tests will be
carried out such as LDH tests. Thanks to this no toxicity, our nanoparticles are good candidates for MRI.
Indeed, with the superparamagnetic state, iron oxide nanoparticles can be used as negative contrast
agents. To determine the efficiency for MRI, a preliminary characterization is important: relaxometry.
Our nanoparticles have a good transverse relaxivity (r,), especially SPIONs_CA3 which had a r, of 158
sT.mmol™.L (in comparison, Endorem®, a negative contrast agent, had a r, between 100 to 158 s
L mmol™.L). However, this value is dependent on the hydrodynamic diameter and the magnetic field.
To determine the best conditions for MRI, relaxivity was studied at different magnetic fields, those



used in a classical MRI. NMRD profiles were simulated for the longitudinal relaxivity (r1) and the same
profile that Endorem® was obtained.

Finally, we acquired the first images using MRI which confirmed the good relaxation effects of our
nanoparticles.

Future studies will be realised about the NMRD profile for the transverse relaxivity at high magnetic
field. Indeed, in the simulation, there is maybe an interaction between the proton of water and
nanoparticles which modify the magnetic moment locally and this interaction is neglected in the
equation of simulation. In addition to these works, several biological studies will be carried out to
determine the exact presence of SPIONs in cells with a cryo-TEM, the colloidal stability of these
nanoparticles in blood and their blood compatibility and to determine the cytotoxicity (for example,
check the inflammatory nature of the internalisation and the absence of the induction of apoptosis).
These different characterizations will allow the use of these nanoparticles in a living organism to
determine the behaviour of SPIONs in vivo. Finally, these SPIONs could be used in MPI due to their
superparamagnetic behaviour and their magnetization. In addition, a study with a coupling of MRl and
MPI can be proposed: with this coupling, some diagnostic and anatomic information can be obtained
in the same time with a same contrast agent.
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