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Introduction

For several decades, nanoparticles (NPs) have been used in different fields such as energy storage [ ], depollution [ ], biomedical applications [ -]. Indeed, thanks to their size between to nm, comparable to the size of cells, viruses, proteins, interaction between them allows to a great potential for these applications [ ]. NPs are indeed used for applications in diagnostic (for example, as a contrast agent CA [ , ]), in therapy (hyperthermia [ , ]) or both (for example, with a drug delivery to treat cancer [ , ]) but the composition of these NPs can be different and adapted according to the targeted application. For example, silver NPs are used as antibacterial agents [ ], magnetic NPs such as iron oxide or gadolinium complexes are used as CA [ , , ].

CA allow to enhance image contrast and also to decrease the analysis time in MRI (Magnetic Resonance Imaging). The first CAs were developed during the s by Gramiak and Shah [ ]. Then, during the s, several commercial CAs have been developed with a gadolinium core. Indeed, thanks to the magnetic behaviour of gadolinium Gd + (paramagnetism), the longitudinal relaxation time T decreases and the image contrast is improved. However, Gd + is neurotoxic: an organic layer around the inorganic core is mandatory to avoid a neurocellular destruction [ ]. Superparamagnetic NPs are used to shorten the transverse relaxation time T . Superparamagnetic Iron Oxide Nanoparticles (SPIONs) such as magnetite (Fe O ) or its oxidized form maghemite (γ-Fe O ) are commonly used as CA [ , , , -]. Indeed, SPIONs are biocompatible and different synthesis are well known. To use SPIONs as CA, NPs must be in an aqueous solution, with a narrow size distribution, with a good crystallinity and good magnetic properties. The different synthesis of SPIONs allow to obtain a part of these properties. For example, the coprecipitation is a synthesis directly in an aqueous media with soft conditions but with a possible aggregation of NPs and a large size distribution [ -]. To decrease this phenomena, an addition of a ligand during the synthesis can be used: different ligands have been added like for example citric acid

[ -], polyvinyl alcohol (PVA) [ ], oleic acid [ ], ethylene glycol [ ].
Other synthesis allow to obtain SPIONs directly in water, such as hydrothermal synthesis [ ] or microemulsion [ ] but the conditions are hard and don't allow to obtain monodisperse NPs. The thermal decomposition is an alternative to synthesize SPIONs and presents the advantage of obtaining SPIONs which are monodisperse, with a narrow size distribution and a good crystallinity [ , ]. By thermal decomposition at high temperature, synthesized SPIONs are stable in an organic solution (cyclohexane, chloroform, toluene, …), but a subsequent phase transfer step is therefore mandatory to use SPIONs for the biomedical applications [ , ].

To obtain monodisperse SPIONs in an aqueous media, a new synthesis is more and more used: the microwave synthesis [ , -]. Indeed, thanks to the microwave irradiations, the temperature is better controlled inside the reactor: there is a vibration of the solvent molecules generating local heating of the solution. Synthesized SPIONs are stable in an aqueous solution, monodisperse (because a ligand was added during the synthesis), with a good crystallinity and good magnetic properties.

Numerous studies describe the potential use of SPIONs but generally synthesized in ultra-pure water or dispersed in water after a phase transfer. However, in a living organism, there are several proteins and molecules which can lead to an aggregation of these NPs. To limit this phenomenon, we consider it important to obtain SPIONs that are stable in a physiological medium before application.

The goal of this study is to compare the synthesis of SPIONs in different aqueous media. Indeed, we compare a synthesis in ultra-pure water to a synthesis in physiological serum and to a redispersion of SPIONs in a physiological serum. For each synthesis, systematic characterizations are realized to determine the size, the crystallinity, the composition and the magnetic properties. Then, a comparison of relaxivity values of these different synthesis is performed to verify the influence of the physiological serum on the synthesis.

Experimental

Materials

Ferrous chloride (FeCl . H O) and ferric chloride (FeCl . H O) were purchased from Alfa Aesar. Citric acid (C H O ) and ammonium hydroxide solution (NH OH) were purchased from Sigma Aldrich. For the experiments, ultrapure water (resistivity = . MΩ.cm) or commercial physiological serum (with . g of NaCl per mL of ultrapure water) were used. . mmol) and ferrous chloride (FeCl . H O; . mmol) with citric acid (C H O ; . mmol) are solubilized in mL of ultra-pure water or physiological serum in a Pyrex reactor for the microwave. This solution is stirred until homogenization. Then, mL of ammonium hydroxide solution is added to the mixture to precipitate the solution. The solution turns black and is stirred again before being placed in the microwave to heat at °C for min. A singlemode microwave (Monowave from Anton Paar) is used. The system operates at a frequency of . GHz. The maximum power of this microwave is W. The temperature is controlled by an external infrared sensor [ ].

Synthesis

After heating, the solution is collected and washed by centrifugation for a purification step. The solution is centrifuged a first time with ethanol at rpm for min and a second time with a mixture of ultrapure water or physiological serum and ethanol at rpm for min. The nanoparticles (SPIONs) obtained are then dispersed in ultrapure water or physiological serum. A part is evaporated at °C to obtain powder for X-Ray Diffraction, Raman spectroscopy and magnetic measurements. The other part is kept in solution for Transmission Electronic Microscopy, Dynamic Light Scattering measurements and relaxometry measurements.

The obtained sample by the synthesis, the purification and the redispersion of iron oxide nanoparticles in ultra-pure water is named NPsww. The obtained sample by the synthesis and the purification in ultra-pure water then the redispersion in physiological serum is named NPswp. Finally, the obtained sample by the synthesis, the purification and the redispersion in physiological serum is named NPspp.

Characterization

Different techniques are used for the characterization of nanoparticles.

Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is used to determine the shape, the size and the solvent dispersion of nanoparticles. The TEM is a CM -FEI operating at kW (point resolution . nm) from Philips. The distribution of size is obtained using free software ImageJ [ ].

Dynamic Light Scattering

Dynamic Light Scattering experiments (DLS) were performed by the ZETASIZER Nano ZS device from Malvern Instrumental. The aqueous solution of nanoparticles is diluted (final concentration of . mg/mL) to determine the hydrodynamic size distribution. The DLS measurements are performed three times and the average of these three measurements will be presented in this work.

X-Ray diffraction

X-Ray Diffraction (XRD) patterns were recorded in standard conditions with an INEL CPS equipped with a monochromatic cobalt radiation (Co Kα = .

nm) at grazing angle of incidence simultaneously on °. Crystallite size was calculated with the Debye-Scherrer equation from the most intense peak for ( ) plane.

Raman spectroscopy

Raman scattering measurements were performed at room temperature with a laser at nm. The scattered light is analysed by a monochromator with a lines/mm grating and with a Charge-Coupled Device (CCD) detector.

Magnetic measurements

The NPs magnetic properties in powder state were determined by Superconducting Quantum Interference Device (SQUID) with a Vibrating Sample Magnetometer (VSM) Quantum Design head. The saturation magnetization (Ms) and the blocking temperature (TB) are the most important information obtained with this technique. The magnetization was measured by sweeping the magnetic field from + Oe ( T = Oe) to -Oe and then from -Oe to + Oe. Magnetization curves as a function of the temperature were recorded as follows: samples were introduced in the SQUID at room temperature ( K) and cooled down to K with no applied field after applying a careful degaussing procedure. A magnetic field of of Oe was then applied, and the magnetization was recorded upon heating from to K (Zero Field Cooled curves called ZFC curves). The sample was then cooled down to K under the same applied field, and the magnetization was recorded upon heating from to K (Field Cooled curve called FC curves).

Relaxometry measurements

The longitudinal (R = /T ) and transversal (R = /T ) proton relaxation rates of water in solutions containing SPI-ONs at different concentrations were measured at °C and at . T. The proton Larmor frequency corresponding to this magnetic field value is MHz and measurements were made with a Bruker Minispec MQ . 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 Fe O . To confirm this hypothesis, a DLS measurement is carried out. For that, the solution of each NPs was analysed to determine the hydrodynamic diameter as well as the stability of NPs (Fig ) . Indeed, the hydrodynamic diameter is the diameter of the inorganic core increased by the thickness of the organic layer and the solvation sphere. The DLS measurements are expressed in number to be compared with the obtained TEM results. The mean hydrodynamic diameter of samples (determined by a log-normal fit) is equal to ± nm for NPsww, ± nm for NPswp and ± nm for NPspp:

Results and discussions

(a) (c) (e) (b) (d) (f)
these values are higher that the diameter obtained by TEM measurements confirming the presence of an organic layer. In addition, as shown in the TEM micrographs of NPswp and NPspp (figure .c and .e), an aggregation of SPIONs is present and increases the value of the hydrodynamic diameter: it is the reason that the hydrodynamic diameter of NPswp and NPspp are higher than the hydrodynamic diameter of NPsww. Finally, the presence of the NaCl matrix can increase to a little the mean hydrodynamic diameter in agreement with TEM observations. To confirm the presence of this NaCl matrix, XRD measurements are carried out. Then, a XRD measurement is performed to describe the inorganic core and precisely the crystallographic structure (Fig. ). Indeed, it exists two types of SPIONs which are magnetite Fe O and maghemite γ-Fe O . These two iron oxide compositions crystallize in the same inverse spinel structure (F ). The lattice parameter is equal to . Å and . Å for magnetite and maghemite respectively. XRD patterns of each samples are compared with a reference pattern of magnetite (COD:

). For the three samples, the main diffraction peaks of magnetite, i.e. ( ), ( ), ( ), ( ) and (

), are present. The lattice parameter is calculated for each sample thanks to these main peaks and it is equal to . Å, . Å and . Å for NPsww, NPswp and NPspp respectively. These calculated lattice parameters are between those of magnetite and maghemite: the synthesized NPs for this study correspond to Fe -δO sub-stoichiometric magnetite with δ the stoichiometric deviation. Using XRD patterns, the crystallite size can be calculated thanks to the Debye-Scherrer equation which is t = (kλ)/(βcosθ) where t is the size of the crystallite, λ the wavelength of the X-ray radiation, β the FWHM of the main peak with a correction and θ the Bragg angle. The crystallite size is similar to the diameter obtained with the TEM for the three sample: . nm, . nm and . nm respectively for NPsww, NPswp and NPspp.

In addition, for NPswp and NPspp, several peaks are present and correspond to a NaCl phase (COD: ) agreement with the interpretation of the matrix and slight aggregation observed on TEM micrographs (Fig. c and Fig. e) as resulting from the use of physiological serum containing NaCl. To confirm the presence or the absence of NaCl in each sample as function of aqueous solvent and to determine the oxidation state of iron in the inorganic core, Raman spectroscopy measurements are carried out. The Raman spectra are illustrated on Fig. . For the three samples, we observe the vibrational modes of Fe O : Eg at cm -, T g at cm -and A g at cm -[ ]. This last mode is characteristic of the oxidation state of the iron oxide: a narrow band is representative of magnetite and a large band from to cm -with a split of this mode into two components is representative of maghemite. For the three samples, we can see an enlargement with the appearance of a shoulder for the A g mode by comparison with the magnetite spectrum. This observation implying an oxidation of the nanoparticles without a complete split characteristic of the unique presence of maghemite confirm the synthesis of Fe -δO sub-stoichiometric magnetite for all samples as determined by XRD measurements. In addition, for NPswp and NPspp, the presence of NaCl is confirmed with the Raman spectroscopy. Indeed, several bands are present at cm -, cm -, cm -, cm -and cm -and are similar with the bands on a NaCl spectrum (Fig. ). Then, the magnetic properties of each sample are analysed to determine the magnetic state and the saturation magnetization (Fig. ). For this goal, the evolution of the magnetic moment M (emu.g -) in function of magnetic field H (Oe) is analysed at K and at K. Indeed, at room temperature (Fig. a), the superparamagnetic state can be determined thanks to the presence of a hysteresis or not: without hysteresis, NPs are in a superparamagnetic state; with hysteresis, NPs are in a permanent magnetic state such as ferrimagnetic, ferromagnetic or antiferromagnetic. For the three samples studied here, the absence of hysteresis indicates the superparamagnetic state. With this curve, the magnetization saturation can be determined: it is equal to emu.g -, emu.g -and emu.g -for NPsww, Npswp and NPspp respectively. The presence of NaCl in NPswp and in NPspp decreases the magnetization saturation because NaCl is a diamagnetic compound: iron oxide nanoparticles are surrounded by a NaCl matrix.

To confirm the superparamagnetic state, a magnetic measurement at K is carried out (Fig. b). At this temperature, the magnetic moment on iron oxide is in a blocked state so the magnetic behaviour is similar to a cooperative magnetism thus generating a hysteresis in the magnetic curves (Fig. c). The magnetization saturation obtained at K is higher to the magnetization saturation at K du to the blocked state of the magnetic moment: it is equal to emu.g -, emu.g - and emu.g -for NPsww, Npswp and NPspp respectively. To complete magnetic characterizations, a ZFC-FC (Zero Field Cooled -Field Cooled) measurement is carried out to determine the blocking temperature TB: this temperature is the transition between the superparamagnetic state and the blocked state (Fig. ). Several methods exist to determine exactly the value of TB with a ZFC-FC curve [ ]. The most used is an assimilation to the maximum of the ZFC curve (it is the curve from K to K). For each sample, the determined TB is K, K and K for NPsww, Npswp and NPspp respectively: all samples present a superparamagnetic state at room temperature. In addition, the ZFC-FC curves can be considered as a TB distribution. For an aggregation of NPs or a larger size distribution, the curve will be larger while for a narrow size distribution of NPs, the curve will be narrower. In agreement, the ZFC curve is narrow for NPsww and larger for NPswp and NPspp. For these two samples, the distribution increase is due to the presence of the NaCl matrix. Indeed, this matrix encapsulates iron oxide nanoparticles thus creating a set of nanoparticles: this set has a higher size compared to a single nanoparticle according to a magnetic point of view with a collective behaviour. Finally, for the application of SPIONs as contrast agents in MRI, the value of relaxivity ri (s -.mmol -.L) has to be evaluated. This is done by measuring the relaxation rate Ri (i = ; ) as a function of SPIONs concentration (at °C and . T, Fig. ). Indeed, the paramagnetic contribution to relaxation is linearly proportional to the concentration of CA according to the equation Ri = ri*C + ( /T ) where C is the concentration of SPIONs (mM) and T is the relaxation time of the aqueous solution without paramagnetic agent. The parameter ri is called proton relaxivity and is given in s -.mM - . Here both types of relaxivities, i.e. longitudinal r and transverse r , are obtained from the linear fitting of data in Fig.

in order to evaluate the efficiency of to act as a contrast agent. Concerning longitudinal relaxation, the relaxivity r is s -.mmol -.L, s -.mmol -.L and s -.mmol -.L for NPsww, NPswp and NPspp respectively. The relaxivity of NPswp is slightly lower than equivalent relaxivities of NPsww and NPspp. However, for the transverse relaxivity r , which is known to be the relevant parameter for superparamagnetic iron oxide nanoparticles used as negative contrast agent [ , ], NPswp has a higher value than the others. Indeed, the values are s -.mmol -.L, s -.mmol -.L and s -.mmol -.L for NPswp, NPsww and NPspp respectively. Compared to a commercial contrast agent (Endorem®), these values of transverse relaxivity are lower (for Endorem®, r is between to s -.mmol -.L and r is between to s -.mmol -.L [ -]) but the ratio between r and r is similar. This ratio is a good indicator to determine if a contrast agent is a good candidate for MRI: if this ratio is higher to , NPs will be good candidate for MRI [ ]. For the Endorem®, the ratio is between and according to the different authors. This ratio is equal to . , . and . for NPsww, NPswp and NPspp respectively: all samples can be good candidates for MRI, particularly NPswp with a ratio of . similar to Endorem®. 

Conclusion

In summary, thanks to the microwave synthesis, superparamagnetic iron oxide nanoparticles can be synthesised with a small diameter, a good monodispersity and stability in an aqueous solution. These nanoparticles can be used for the biomedical applications with a dispersion in ultra-pure water and in physiological conditions. In this work, for the first time, this synthesis method of SPIONs is performed in ultra-pure water with a validate redispersion in physiological serum (containing . g of NaCl per mL of ultra-pure water) and a direct synthesis in physiological serum is also realised. The nanoparticles obtained by these different conditions offer a small diameter and a colloidal stability thanks to the microwave use and the introduction of an organic layer (a citrate layer) as surfactant during an one-step synthesis. In addition, the inorganic core is a sub-stoichiometric iron oxide (Fe -δO ) with a good crystallinity and a superparamagnetic state at room temperature. Finally, relaxivity measurements are carried out to conclude that these SPIONs are good candidates for MRI. In particular for the SPIONs synthesised in ultra-pure water and redispersed in physiological serum, the ratio of relaxivity (r /r ) is similar to a ratio from a commercial contrast agent (Endorem®).
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  previous work describes the synthesis used for this study [ ]. A mixture of ferric chloride (FeCl . H O;

Figure

  Figure shows the micrographs of NPsww (Fig. a), NPswp (Fig. c) and NPspp (Fig. e). For the three samples, the shape of SPIONs is spherical. To obtain the mean diameter, a fit by a gaussian function is carried out. The mean diameter is equal to . ± . nm, . ± . nm and . ± . nm for NPsww, NPswp and NPspp respectively thanks to the size distribution of each samples, obtained with a lower magnification (Fig. b, Fig. d and Fig. f). The size distribution obtained with the NPs synthesised and dispersed in water is narrower than for the synthesis or redispersion in physiological serum: the presence of NaCl in physiological serum increases the mean diameter. In addition, with the physiological serum, a little aggregation of NPs appears due to the presence of NaCl. Indeed, a NaCl matrix encompasses SPIONs. This matrix is weak when SPIONs are just dispersed in physiological serum after synthesis in water (Fig. c) and it is more important when the synthesis and the dispersion are in this serum (Fig e): the size distribution is so more important in NaCl solution that in ultra-pure water.

  Fig : TEM images of NPsww (a), NPswp (c) and NPspp (e) with their size distribution histograms respectively in (b), (d) and (f). The black curve on each histogram represents a fit by a gaussian function.

  Fig : DLS measurements of NPsww (blue), NPswp (green) and NPspp (pink) as function of number of NPs.

4 Fig

 4 Fig. : Raman spectra of NPsww (blue), NPswp (green) and NPspp (pink) obtained with a laser at nm at room temperature compared to a magnetite reference Fe O and a sodium chloride reference NaCl.

Fig:

  Fig : Magnetic moment (emu.g -) as function of magnetic field (Oe) for NPsww (blue), NPswp (green) and NPspp (pink) at K (a), at K (b) and a zoom at K (c).

Fig:

  Fig : Magnetic moment as function the temperature measured under a magnetic field ( Oe) of NPsww (blue), NPswp (green) and NPspp (pink).

  Fig : Longitudinal R (a) and transverse R (b) relaxation rate (in s -) as a function of SPIONs concentration (mM) atMHz and °C for NPsww (blue), NPswp (green) and NPspp (pink). Dashed lines represent the linear regression done for evaluating the relaxivity ri= ;
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