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1. Introduction

Due to rapid advances in nanotechnology, a number of synthetic routes to obtain magnetic iron oxide nanoparticles with control of their microstructures (crystallinity, coating, size uniformity, etc.) have been reported [1-4]. Below a critical size, magnetic nanoparticles become single-domain and exhibit superparamagnetism. These superparamagnetic iron oxide nanoparticles offer a high potential for several biomedical applications, such as: magnetic resonance imaging (MRI), drug delivery, tissue repair, cell labelling and targeting, and hyperthermia [5-6]. Superparamagnetic iron oxide nanoparticles have been used as MRI contrast agents because of their very large magnetic moment and also due to their suitable surface for in vitro and in vivo applications.
According to their hydrodynamic size, iron oxide nanoparticles are divided into three categories: 
· ultrasmall superparamagnetic iron oxides (USPIO), characterized by a hydrodynamic diameter less than 50 nm, 
· superparamagnetic iron oxides (SPIO), which present a hydrodynamic diameter larger than 50 nm, and
· micron-sized iron oxide particles (MPIO). 
Subsets of USPIO are also identified: very small particles of iron oxide (VSOP, 7-9 nm) and monocrystalline iron oxide nanoparticles (MION, 10-30 nm). They have a longer plasmatic half-life and exhibit slower uptake by liver and spleen after intravenous administration than other nanoparticles (table 1). 

[Insert table 1 here]
SPIO are polycrystalline compounds with a hydrodynamic diameter between 60 and 180 nm. They are mainly used via intravenous infusion to detect and characterise small lesions in the liver or to visualise the digestive tract (table 2). Both USPIO and SPIO described nanoparticles are most often formulated with dextran or polysaccharide derivatives. 

[Insert table 2 here]
2. Synthesis of iron oxide nanoparticles

The sections below describe the various ways by which Magnetite can be obtained [1, 32-34].
2.1. Coprecipitation in aqueous medium

Iron oxides can be synthesized through the coprecipitation of Fe2+ and Fe3+ aqueous salt solutions by addition of a base [35]. 

                                    Fe2+ + 2 Fe3+ + 8 OH- ( Fe3O4 + 4 H2O

At room temperature, this coprecipitation forms quasi instantaneously magnetite. The more frequent case is the formation of the maghemite by oxygen chemisorption on magnetite. To preserve the crystalline state of magnetite, it is possible to use a Fe2+/Fe3+ ratio higher than 0.5 or to work under an inert nitrogen atmosphere. This nitrogen flushing prevents the oxidation of magnetite but can also cause a reduction of the size of particles [36]. Colloidal magnetite dispersions are then obtained after peptization either by HNO3 or by N(CH3)4OH.

This method of synthesis leads to quasi spherical particles and has the advantage of being fast, simple, economical, and easily transposable on a large scale; however, the particles obtained present a high index of polydispersity and a procedure for selection of size is often required later. 

Some methods based on the principle of precipitation in highly constrained domains have been developed; these include sol-gel preparation, precipitation using micro-emulsions or vesicles, and polymer matrix-mediated synthesis.
2.2. Reverse micro-emulsions 

This process allows controlling the radius of the particles by exploiting the size of the reactors (micro-emulsions) and the quantity of precursors available in each emulsion. It differs by the use of anionic or cationic surfactants (AOT (sodium dioctylsulphosuccinate) [37], CTAB (cetyltrimethylammonium bromide) [38], SDS (sodium dodecylsulfate) [39], or neutral compounds like the polyethoxylates (Igepal, Brij or Tween) [40]). The latter allow controlling particle size by limiting the phenomena of crystalline growth and agglomeration of the nanoparticles. This technique requires large amounts of surfactant (up to 20-30%), which is difficult to eliminate, and is limited to the laboratory scale [41].

2.3. Sol gel methods 

The chemistry of the sol gel process involves successive hydrolysis and condensation reactions of inorganic species. The former, during which the reaction of a water molecule gives rise to a reactive group M-OH by releasing an alcohol molecule, corresponds to the first step of the process. The formation of nanoparticles can take place by polycondensation (oxolation) and/or polyaddition (olation) reactions. 

Hydrolysis reaction: M-OR + H2O ( M-OH + ROH

Oxolation reaction: M-OH + M-OR ( M-O-M + ROH

Olation reaction: M-OH + M-OH ( M-O-M + H2O

A controlled slow hydrolysis rate leads to the formation of small particles [42]. The factors most likely to influence the kinetics of hydrolysis and condensation are the type of solvent, the temperature, the nature and the concentration of the precursors, or the pH [43]. This process of ground-freezing is also an adequate method to synthesize nanoparticles coated in a matrix with silica [44-46]. Various studies have been based on the Stöber process [47], in which silica is directly deposited “in situ” on the nanoparticles through a step of hydrolysis and condensation of commercial precursors like tetraethoxysilane in a water/ethanol mixture. 
2.4. Polyol methods 

This method allows preparing highly crystalline magnetite nanoparticles [48], with a precise size and characterized by a narrow size distribution. Caruntu et al. [49] describe a mechanism that explains the formation of magnetite nanoparticles by hydrolysis of a ferrous-ferric mixture in alkaline medium and in the presence of diethylene glycol. This mechanism mainly comprises three steps: (a) metal complexation by a molecule of solvent, (b) reactions of hydrolysis-condensation leading to a partially hydrated form, and finally (c) the dehydration of the nanoparticles [50]. The presence of these glycol groups absorbed on the nanoparticles’ surface slows down the oxidation of magnetite and allows dispersing them easily in polar solvents such as water. This process is easily adaptable on a large scale.

2.5. Hydrothermal methods

The hydrothermal decomposition of organometallic precursors, such as the iron acetylacetonate or iron carbonates, in the presence of a surfactant gives slightly polydisperse nanoparticles [51-53]. The reactions are carried out in aqueous solution under high temperature (beyond 200°C) and pressure (14 bars). Various examples of thermal decomposition are described in the literature [54-56]. 

Thermal decomposition can be carried out also in an organic solvent. Sun et al. [57] have synthesized monodisperse iron oxide nanoparticles by thermal decomposition of iron acetylacetonate in the presence of oleic acid, oleylamine, and 1,2-hexadecanediol in the high boiling solvents phenyl ether and benzyl ether. These authors also proposed a relatively simple method to access hydrophilic nanoparticles by addition of a bipolar surfactant. 

The crystals formed by hydrothermal treatment are characterized by a distribution of narrow size as well as a high purity and a very high density [58].

2.6. Sonochemistry methods 

This process is based on the passage of high frequency sound waves (20 KHz until 10 MHz) through a solution containing the organometallic precursors giving place to the formation, growth, and implosion of bubbles in the liquid at room temperature [59-61].  The fast bursting of bubbles also limits the mechanism of crystalline growth of the nucleons, so the nanoparticles are generally of a small size [62]. Surfactants (OTS, oleic acid, etc.) or polymers (PVA, chitosan, etc.) [63, 64] also can be added during or after the stage of sonication to ensure the formation of a stable dispersion of the nanoparticles. The main advantages of this technique are the use of few reagents and the requirement of less purification steps [65]. However, a very particular experimental device is needed.

2.7. Pyrolytic methods 

The physical pyrolytic methods are being increasingly used as they allow the fast formation of uniform magnetic particles according to experimental parameters such as the nature of the precursors, the reagent flow rate in the pyrolysis zone, or the laser power [66-70].

The main constraints of this method are related to the need for a specific reagent/laser resonance and to the requirement of a specific installation.

Table 3 summarizes the different characteristics of iron oxides obtained by several methods [2].
[Insert table 3 here]
3. Stabilization

According to the application of the ferrofluids, several types of steric or electrostatic protections can be used. 
The challenge is to create a sufficiently important repelling power between the nanoparticles and to decrease the interfacial tension of the system in order to obtain stable ferrofluids [71]. During coprecipitation, the iron oxide particles are characterized by a high surface/volume ratio due to the small size of the obtained nanoparticles, and the system spontaneously tends to minimize the interfacial tension by causing their agglomeration. Since this interfacial tension depends primarily on the phenomena of adsorption and consequently on the chemical composition of the interface, one can expect that the addition of agents can also control the thermodynamic stability of these iron oxide colloids.

3.1. Steric stabilization: natural or synthetic polymeric matrices 

Two approaches are used to allow the stabilization of ferrofluids in the presence of polymers. In the first approach, nanoparticles are directly formed in the presence of a polymeric matrix that can control the size and monodispersity of the nanoparticles. Among the numerous examples described in the literature, Hu et al. [72] based their work on the precipitation of iron precursors in an aqueous polyvinyl alcohol solution (PVA), a porous polymer structure. The second approach consists in grafting polymers on the surface of the magnetite nanoparticles after their formation. Electrosterical stabilization occurs when the polymers are charged. Some of these natural or synthetic polymers are given in table 4 [73-81].

[Insert table 4 here]
3.2. Electrostatical stabilization 

Functional groups (carboxylate, sulphonate, sulfate, etc.) are able to adsorb on the nanoparticle surface. Their specific adsorption, by substitution of hydroxo ligands present on the surface of the iron oxide, causes important changes at the level of the interfacial properties. The modification of their isoelectric point improves their colloidal stability in particular at a physiological pH (table 5). For example, citric acid [101], used during the formation of VSOP C184 [102], modifies the isoelectric point of magnetite at pH = 3 while coordinating with the three carboxylate functions on its surface. The biocompatibility of the phosphonate [103] or phosphate ligands can also be worth exploiting in order to obtain a colloidal dispersion that is stable and usable in various biological applications.

[Insert table 5 here]
Certain inorganic coatings, like gold [106] or silica [105], also allow both the improvement of the stability in aqueous dispersion and the functionalization of the magnetic particles for various biomedical applications.

By simultaneously ensuring chemical stabilization on a broad pH range and biocompatibility, silica represents an ideal choice to obtain stable ferrofluids [107, 108]. 

Another advantage of a surface enriched in silica is the presence of many silanol groups able to facilitate the processes of coupling on it, in particular with silanic coupling agents [109].

4. Methods of vectorization for molecular imaging

Various biological molecules (such as peptides, proteins, antibodies, etc.) can be grafted on the surface of the nanoparticles via amide or ester bonds to perform specific targeting for molecular imaging. Several covalent conjugation strategies using amine, carboxyl, aldehyde or thiol groups exposed on the surface of nanoparticles have been developed [110]. 

Vectors grafted on their surface must be able to recognize the target cells or tissues. Particles must be non toxic and remain in the circulation for a time long enough to reach their target.  

An oxidative conjugation strategy has been used to produce aldehydes on the dextran coating of the iron oxides [111]. Josephson et al. [112] described a 3-step reaction sequence to link covalently the vector molecule. A peptide was attached to the amino group of a cross linked dextran iron oxide using SPDP through a disulfide exchange reaction (figure 1). 

[Insert figure 1 here]
Grafting vector molecules on the particles can also be achieved with 2,3-dimercaptosuccinic acid (DMPA) and N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) [113]. In this case, the nanoparticular system is constituted by two subunits, the particle coated with the chelating agent DMSA and the vector linked to SPDP through a peptide bond. These subunits have been joined by an S-S bridge between DMSA and SPDP [114] (figure 2). The grafted nanoparticles were prepared in 3 steps: (i) formation of the particles-DMSA subunit, (ii) formation of the vector-SPDP subunit, and (iii) coupling of the 2 subunits in a homogeneous phase at pH=7.4

[Insert figure 2 here]
Magnetite nanoparticles coated with silica have been described by Cao [115]. After surface modification with an amino-silane coupling agent, SG-Si900, amine was covalently linked using glutaraldehyde as cross-linker.  Alternatively, vectors with carboxylic functions can be directly grafted on the silica coated particles using EDC to activate the carboxyl groups.
 The silane coupling materials (like 3-aminopropyltrimethoxysilane or p-aminophenyl trimethoxysilane) [116] are able to adsorptively or covalently bind to the metal oxide and allow forming covalent bonds with vector molecules through organofunctionalities. 

The silinization reaction occurs in two steps: (i) the trimethoxysilane is placed in acidic water, phosphorous acid, glacial acetic acid and it condenses to form silane polymers; (ii) these polymers associate with the metal oxide by forming covalent bonds with surface OH groups through dehydration or by adsorption of silane polymers to the metal oxide. Diazotation of aminophenyl-terminated silane or the use of glutaraldehyde on 3-aminopropyl-terminated silane can be used to couple antibodies, proteins or peptides. This second procedure consists of two basic steps: activation of the particle by reaction with glutaraldehyde followed by removal of unreacted glutaraldehyde and reaction of the vectors with the nanoparticles. If the magnetic particles are coated by carboxy-terminated silanes, proteins or peptides can be coupled to them by treating the particles with 3-(3-dimethylaminopropyl)carbodiimide.  

The surface chemistry involving reactions with alkyltrialkoxysilane or trichloroalkylsilane compounds is a good way for grafting biomolecules [117, 118] (figure 3). Nanoparticles with functional groups other than inorganic hydroxyls have been prepared by reaction with alkylsilane derivatives containing different functional groups (SiR3(CH2)nX, where R=Cl, OCH3, OC2H5, etc.; n=3-17, and X=CH, CN, CO2CH3, etc.) to form ether bonds. Similarly, particles with (-hydroxyl or primary amine groups have been prepared by reaction of the surface with alkylalkoxysilane compounds (Si(OEt)3(CH2)3CO2CH3, Si(OEt)3(CH2)3NH2, etc.) or with trichloroalkylsilane derivatives (SiCl3(CH2)3CO2CH3, SiCl3(CH2)3CN, etc.) followed by diborane reduction. Also, particles with thiol functions have been formed by thiourea reaction and hydrolysis of the (-phenylchloromethyl. 
 [Insert figure 3 here]
Sun et al. has developed “click chemistry” (azide-alkyne reaction) for vectorization of iron oxide nanoparticles with small molecules [119]. They have shown the easy preparation of stable particles bearing azido or alkyl groups that can react with their corresponding counterpart functionalized small molecules. 
5. Characterization 

The magnetic properties of nanoparticles depend on the size and the shape of the particles, the microstructure, and the chemical phase. Several techniques can be used to determine the size and the chemical composition of the nanosystems (table 6) or the properties of the magnetic surface of these ferrofluids (table 7). The size of the particles can be determined by transmission electron microscopy (TEM) images. This technique reports the total particle size and provides details of the size distribution. X-ray diffraction (XRD) can be performed to obtain the crystalline structure of the particles. Mossbauer spectroscopy is an alternative technique for assessing crystal composition. The PCS (photon correlation spectroscopy) measurement gives a mean value of the hydrodynamic diameter of the particles (figure 4). Magnetometry confirms the superparamagnetic properties of the particle and provides information on the specific magnetization and the mean diameter of the crystals (figure 5). The fitting of the NMRD (nuclear magnetic resonance dispersion) curves according to the relevant theories gives the mean crystal size, the specific magnetization, and the Néel relaxation time (figure 6).

[Insert table 6 here]
 [Insert figure 4 here]
 [Insert figure 5 here]
[Insert table 7 here]
 [Insert figure 6 here]
5.1 Relaxivity and NMRD profiles

The nuclear magnetic relaxation properties of a compound are ideally obtained by the study of its NMRD (nuclear magnetic resonance dispersion) profile, which gives the evolution of the relaxivity with respect to the external magnetic field.  The relaxivity is defined as the increase of the relaxation rate of the protons of the solvent (water) induced by one millimole per litre of the active ion. For example, in the case of magnetite, the relaxivity is the relaxation rate enhancement observed for an aqueous solution containing one millimole of iron per litre. 
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where: Ri(obs) and 1/Ti(obs) are the global relaxation rates of the aqueous system (s-1); Ti(dia) is the relaxation time of the system before addition of the contrast agent, C is the concentration of the paramagnetic centre (mmol L-1), and ri is the relaxivity (s-1 mmol-1 L).
The superparamagnetic relaxation mechanism is built upon the original theory developed for paramagnetic systems. There are two contributions to proton relaxation: the innersphere (IS) and outersphere (OS) relaxations. Innersphere relaxation deals with the direct exchange of energy between protons and electrons located in the first hydration sphere of the paramagnetic ion and is dominated by dipolar and scalar coupling of the spins [120, 121]. Outersphere relaxation arises due to the movement of the water protons near the local magnetic field gradients generated by the paramagnetic ion. The interaction between proton spins and the magnetic moment is also a dipolar interaction [122]. 

Foundations of the relaxation theory of superparamagnetic colloids 

The proton relaxation in superparamagnetic colloids occurs because of fluctuations of the dipolar magnetic coupling between the nanocrystal magnetization and the proton spin. The relaxation is described by an outersphere model where the dipolar interaction fluctuates because of both the translational diffusion process and the Néel relaxation process.

This intramolecular mechanism is modulated by the translational correlation time (D) that takes into account the relative diffusion constant (D) between the paramagnetic centre and the solvent molecule, as well as their distance of closest approach (d). This outersphere model has been described by Freed [122].
The outersphere contribution is given by:
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where [C] is the molar concentration of the paramagnetic ion, and D=d2/D is the translational correlation time.

The NMRD profiles (figure 6) describe relaxation as a function of frequency and allow determining the parameters involved in the relaxation process.
The classical OS theory as such is not applicable to the superparamagnetic particles. A model has been proposed [123-126] that fits the NMRD experimental data and provides information about the nanomagnet crystals; namely, their average radius r, their specific magnetization Msat, their anisotropy energy Ea, and their Néel relaxation time (N.

1. The average size (r): at high magnetic fields, the relaxation rate depends only on (D and the inflection point corresponds to the condition (I.(D ~1. As 
[image: image4.wmf]D
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, the determination of (D gives the crystal’s size r. D and I are the relative diffusion coefficient and the proton Larmor pulsation, respectively.
2. The specific magnetization (Msat): at high fields, Msat can be obtained from the equation 
Msat ~ C (Rmax/(D)1/2




(4)
where C is a constant and Rmax is the maximal longitudinal relaxation rate. 

3. The crystal’s anisotropy energy (Ea): the absence or presence of dispersion at low fields gives information about the magnitude of the anisotropy energy. For crystals characterized by a high Ea value as compared to the thermal agitation, the low field dispersion disappears. 

4. The Néel relaxation time ((N): the relaxation rate at very low fields R0 is governed by a zero magnetic field correlation time (C0, which is equal to (N if (N << (D. Often, however, this situation is not met; so (N is often reported as qualitative information in addition to the crystal’s size and the specific magnetization.

Data provided by the relaxometric techniques together with the results obtained by magnetometry provide a very complete description of the morphology and physical properties of a magnetic colloid. It is thus possible to determine the size of the superparamagnetic core, its saturation magnetization, the Néel relaxation time of the crystal, and the values of relaxivities at different fields.

In addition to evaluating the effectiveness of the superparamagnetic particles for MRI contrast agents, relaxometry and photon correlation spectroscopy also represent invaluable tools to check the syntheses reproducibility and the stability of the colloidal solutions.

6. Applications
The magnetic properties of these agents offer interesting therapeutic prospects like targeting by magnetic guidance, magnetic drug delivery, or hyperthermia [9, 127] (table 8).

[Insert table 8 here]
Magnetic drug delivery constitutes an attractive concept for cell therapy, because it consists in bringing the active drugs selectively where they must act [128-130]. They can be different according to the type of therapy considered: DNA, molecules, or oligonucleotides in the framework of gene vectorization or therapy, anti-cancer agents for chemotherapy, or growth promoters in the case of therapy to repair lesions of the central nervous system. This technique makes it possible to reduce the drug amounts and thus the side effects. The use of an external magnetic field, for example, allows obtaining in a very concentrated way the magnetic vectors near a tumour. The release of the drug at the level of the targeted cells, tissues, or extracellular spaces must be predetermined via a strategy of coupling between the drug and the superparamagnetic nanoparticles (enzymatic rupture, sensitivity to a variation of the medium like the pH, temperature, or ionic force). The magnetic properties of iron oxides also make it possible to consider another direct therapeutic application: hyperthermia [131]. This technique consists in irradiating the patient with a non-ionizing electromagnetic wave in order to increase the temperature in and around the tumour. As tumorous cells are more sensitive to a contribution of external energy than healthy tissues, a selective destruction of the pathological zones can be obtained. It is necessary to reach a temperature higher than 43°C at the location of the tumour to produce a therapeutic effect [132].

Wust et al. [133] have shown that the use of superparamagnetic nanocrystals makes it possible to obtain a rate of transformation of magnetic energy into heat quite higher than that obtained with ferromagnetic crystals. This technique was used successfully to stop the growth of tumours of the type “mammary carcinoma” established on mice.

Magnetic relieving plays a capital part in the transformation of electromagnetic energy into heat. To obtain hyperthermia, the sample containing the nanomagnets is submitted to an oscillating magnetic field. The dissipation of energy is maximal when the period of oscillation of the field is of the same order of magnitude as the magnetic relaxation time of the nanomagnets [134]. Theoretical simulations have shown that for a frequency of 100 kHz, the magnetic relaxation time allowing maximum dissipation heating is estimated at 1.6 x 10-6 s, which corresponds to a magnetite nanocrystal of approximately 14 nm in diameter [135]. A major reduction in the effectiveness of the heating effect is also observed when the width of the size distribution of the particles increases. This effectiveness can be defined as the power of heating of the magnetic material per gram (SAR).

6.1. Tissue labelling with iron oxide particles 

The in vivo behaviour of iron oxide nanoparticles is related to their binding to plasma proteins (opsonization) when injected in the circulation. This process helps in their recognition as phagocytic targets by monocytes and macrophages, mediated by specialized cell surface receptors, and in their subsequent uptake by these phagocytic cells. Opsonization is known to depend on the size, surface charge density, and hydrophilic/hydrophobic balance of the nanoparticle; with the main observation that the smaller the size, the lower the electric charge, and the more hydrophilic the surface, the longer the particle remains in the blood [136].
Several types of superparamagnetic nanoparticles accumulate in the liver when intravenously injected. After opsonization by plasma proteins, SPIO such as Endorem® (Guerbet, Aulnay-sous-Bois, France) also named Feridex® (Berlex Inc, Montville, New Jersey, USA) coated with dextran, or Resovist® (Bayer Schering Pharma AG, Berlin, Germany) coated with carboxydextran, are phagocytosed by Kupffer cells (liver resident macrophages) within minutes. Some of these SPIO are in clinical trials or already approved for the detection of liver metastases in patients. Since the particles are not retained in metastases and in hepatocytes, the darkening of liver signal on T2-weighted MR images will be observed only in healthy parts of the organ. SPIO sequestration also occurs in spleen and bone marrow macrophages, allowing detection of lesions in these areas as in the liver [137-141]. 

Sinerem® (Guerbet) also known as Combidex® (Advanced Magnetics Inc, Cambridge, Massachusetts, USA) is a dextran-stabilized USPIO. Due to their relatively small hydrodynamic diameter (20-50 nm), USPIO have a stronger T1 relaxation as compared to SPIO, and are less likely to be captured by macrophages. As they circulate longer, they can be used as blood pool agents for T1-weighted magnetic resonance angiography during the early phase of intravenous administration. In the later phase, USPIO accumulate in liver and spleen, but also become potent contrast agents for lymphography. Indeed, their small size enables them to reach the lymphatic system by extravasating from the blood vessels to the interstitial space. USPIO thus accumulate in lymph nodes (also via macrophages endocyting the nanoparticles and reaching the nodes). This distribution will be disturbed by the presence of nodal metastases, making it possible to detect with MRI the metastatic involvement of lymph nodes [137-140]. The biodegradation of (carboxy)dextran-coated iron oxide nanoparticles occurs in lysosomes where they accumulate subsequently to their macrophage uptake. 

Several preclinical studies about toxicity, safety, biocompatibility, biodistribution, clearance, and pharmacokinetics of such nanoparticular iron oxide contrast agents have been reported [142-145].

6.2. Cellular and molecular labelling with iron oxide particles

Cellular magnetic labelling implies that cells internalize the contrast agent and become detectable by MRI. This can be accomplished in vitro or in vivo through non-specific cellular endocytosis or through pathways involving a given cell surface receptor. This latter method can thus give more specific cellular MRI results. However, iron oxide nanoparticles targeted to a cell surface molecule can also remain bound to their target, being useful as molecular MRI probes. In a majority of reported cases, iron oxide particles used as intracellular magnetic tags were well tolerated by cells and were not deleterious for cell viability [137, 139, 140, 146]. 
6.3 Iron oxide nanoparticles as molecular MRI probes

The targeting of cell surface molecules with iron oxide nanoparticles has also been reported [138, 147]. The Her-2/Neu receptor expressed by breast cancer cells has been MR imaged with pre-labelled cells incubated with the adequate monoclonal antibody and subsequently with streptavidin-conjugated iron oxide nanoparticles [138]. 

After incubation with a biotinylated pan T-cell anti-CD5 antibody, peripheral lymphocytes have been labelled in vitro, mainly extracellularly, using streptavidin-coated MPIO [148]. To target apoptotic cells, iron oxide nanoparticles have been conjugated to molecules recognizing phosphatidylserine, such as the C2 fragment of synaptotagmin or annexin-V [138, 147]. 

In a recent work, a cationic transfection agent (protamine sulfate) conjugated to annexin-V has been used to decorate anionic citrate-coated iron oxide nanoparticles (VSOP) through electrostatic interactions. The obtained target-specific nanoparticles have been successfully tested on apoptotic human lymphoblastic T cell (Jurkat) cultures and their small size (~15 nm) allowed them to extravasate to reach their target, making them interesting for in vivo applications [149]. 

To target endothelial markers of inflammation, anti-VCAM-1 antibodies have been conjugated to MPIO, allowing an in vivo detection of VCAM-1 expression in a mouse model of acute brain inflammation [150]. MPIO conjugated to both anti-P-selectin and anti-VCAM-1 antibodies have been shown to bind to the endothelium of the atherosclerosis-presenting aortic root of mice. MRI detection of the particles has been however only possible ex vivo [151]. 

Using a method based on the well-known ELISA (enzyme-linked immunosorbent assay), the specificity of integrin-targeted USPIO (conjugated to the connecting segment-1 fragment of fibronectin, the peptide GRGD, or a non-peptidic RGD mimetic) has been quantitatively evaluated by MRI on stimulated Jurkat cells [152]. A synthetic mimetic of sialyl-LewisX (sLeX, E-selectin’s natural ligand), covalently bound to the dextran coating of USPIO, has been successfully tested on HUVECs expressing E-selectin after stimulation with the cytokine tumour necrosis factor-alpha (TNF-alpha) [153].
Recently, our team developed a new contrast agent for molecular diagnosis of atherosclerotic plaques. The peptide, selected by phage display [154], was grafted on the USPIO. This new nanosystem, USPIO-PEG-R832, was validated on HUVEC (Human Umbilical Vein Endothelial Cells) then by MRI, on mice Apo E-/- (figure 7).
 [Insert figure 7 here]
7. Conclusions

The biological applications of these magnetic fluids are very promising. For all of them, the size, polydispersity, and surface chemistry constitute three key parameters that need to be controlled in order to optimize their effectiveness and their bioselectivity. It is not conceivable, indeed, to develop only one type of particle that would be appropriate for all these applications. The great interest in this field of work focuses on the achievement of this challenge. We must develop a protocol of synthesis that allows adapting the physicochemical characteristics of the particles according to the requirements of the concerned biological application.

USPIO agents are a viable option for patients at risk for nephrogenic systemic fibrosis (NSF).
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Figures:
Figure 1: Synthesis of grafted particles via epichlorhydrin

Figure 2: Particles with S-S bridge.
Figure 3: Chemistry of organosilane on the iron oxide nanoparticles.

Figure 4: Example of PCS with the size distribution.

Figure 5: Example of magnetometry.

Figure 6: Example of an NMRD profile of magnetite particles: specific magnetization (48.9 Am2 Kg-1) and crystal diameter (11.2 nm).

Figure 7: Development of a contrast agent for molecular diagnosis of atherosclerotic plaques (pre-clinical studies conducted on mice ApoE-/ -).
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