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Introduction

The recent years have seen the development of the so-called "theranostic" concept, which purpose is the integration in the same medical device of diagnostic tools and therapeutic agents.

More particularly, there was a recent focus on the development of multifunctional nanoparticle drug delivery systems (DDS) that simultaneously serve as medical imaging contrast agents. 1 Indeed, medical imaging techniques play a key role in clinical diagnostics as they provide spatially resolved anatomical information on diseases. All the current imaging methods (CT, PET/SPECT, MRI, ultrasound imaging, optical imaging) have their advantages and drawbacks/limits, but, among these technologies, MRI stands as one of the best non-invasive imaging modalities thanks to its good spatial and temporal resolution. [2][3][4] Magnetic nanoparticles (NPs) have drawn a lot of attention in the biomedicine field 5 due to their unique magnetic properties and the possibility to functionalize their surface. 6,7 Thank to their small crystal size, they are magnetic mono-domains with either superparamagnetic or ferromagnetic behavior. Iron oxide crystals 45 (magnetite or maghemite) have been the most extensively studied for biomedical applications. 8 Magnetic iron oxide phases (ferrites) show a superparamagnetic behaviour for crystal sizes smaller than e.g. 12 nm (called ultrasmall superparamagnetic iron oxide, USPIO): below this limit, the magnetic moments are free 50 to rotate within the crystal core (Néel's relaxation), so that they do not retain any remanent magnetization in the absence of external magnetic field. When a magnetic field is applied, the propensity of superparamagnetic particles to align their magnetic moment in the direction of the field (i.e. their large magnetic 55 susceptibility) is at the origin of their use as MRI contrast agents. [START_REF] Laurent | NMR-MRI, mSR and Mossbauer Spectroscopies in Molecular Magnets[END_REF][START_REF] Lascialfari | NMR-MRI,mSR and Mossbauer Spectroscopies in Molecular Magnets[END_REF] Their magnetic dipoles (arising from electronic spins) interact strongly with the nuclear moments of water protons, enhancing the relaxation rates in tissues where the NPs have accumulated. They predominantly reduce the transverse 60 relaxation time, T 2 (or T 2 * in presence of field heterogeneity), of protons, locally lowering the MRI signal intensity as compared to the background signal. Therefore superparamagnetic NPs are most often used as "negative" contrast agents (CAs), in contrast with paramagnetic compounds, used as "positive" CAs, because they increase the signal of the tissues. At the bottom of the size scale, ultra-ultrasmall superparamagnetic iron oxide (UUSPIO) cores with diameters below 5 nm were recently evidenced as positive CAs (for T 1 -weighted MRI sequences) due to their minimal value of r 2 /r 1 as long as clustering is prevented by a repulsive shell. 7,[START_REF] Tromsdorf | [END_REF]12 Usually, to establish a comparison between MRI CAs, their efficiency as contrast enhancers is measured by the longitudinal (respectively transverse) relaxivity r 1 (respectively r 2 ), defined as 10 the relaxation rate R 1 =1/T 1 (respectively R 2 =1/T 2 ) of water protons in presence of CA (minus the value of solvent alone) normalized by the concentration of CA (in equivalent iron mmolL -1 ). Most of the negative MRI CAs developed so far are hybrid nanoparticles (HNPs): 13,14 these superparamagnetic HNPs consist of an inorganic core made of several iron oxide crystals surrounded by an organic shellfrequently Dextranleading to a hydrodynamic diameter larger than 40 nm. 1 Apart from carbohydrate homopolymers adsorbed by weak H-bonds at the iron oxide surface, other polymers were introduced to prepare 20 HNPs by self-assembly with amphiphilic block copolymers into micelles 15 or by electrostatic complexation with charged-neutral double-hydrophilic copolymers into polyion complex micelles. 16 HNPs are of interest for the following reasons: first, the organic part can be loaded with a drug and provide a substrate for (bio)functionalization through a wide range of coupling reactions 17 ; then the clustering effect (when several iron oxide crystals are embedded in the organic matrix) both enhances the value of transverse relaxivity 15,16 and reduces renal clearance as compared to uncoated USPIOs. 8, 18 However, the whole HNP size (including coating) needs to remain below 150-200 nm, because r 2 starts to decrease for diameters larger than this optimum 13 and due to sequestration of bigger particles by the mononuclear phagocyte system (MPS). 18 On the contrary, HNPs with hydrodynamic diameters below 40 nm, made of single USPIOs 35 wrapped by a thin hydrophilic repulsive coating, exhibit rapid renal clearance and thus were introduced mainly for brain tumor studies, when the brain-blood-barrier is damaged. 18 When designing hybrid nanoparticles (HNPs) as efficient MRI CAs from non toxic copolymers loaded with maghemite NPs (γ-Fe 2 O 3 ), numerous parameters remain in the hands of chemists: structure of the cluster, size of the magnetic cores and of the whole objects, composition... The recent concept of theranostic prompted the development of particles with dual functions, acting as both drug delivery system and imaging agent. The numerous nanosized drug delivery systems proposed so far exhibit a variety of morphologies and compositions. One can then wonder if a particular geometry should be preferred in order to obtain high relaxivities: is there any advantage of the micelle geometry (filled sphere) compared to the less commonly used vesicle structure (hollow shell)? Moreover, is it a better option to increase the core sizes of the USPIOs within the HNPs or to use smaller USPIOs that enable higher loadings? Or will intermediate values of both core size and iron content be the best solution?

To address these fundamentally relevant questions, two types of self-assembled structuresrespectively vesicles and micelleswere obtained by a solvent-displacement self-assembly process with two different amphiphilic block copolymers, respectively poly(trimethylene carbonate)-block-poly(L-glutamic acid) (PTMC-b-PGA) and poly(ethylene glycol)-block-poly(γ-benzyl-60 L-glutamate) (PEG-b-PBLG), sharing common features e.g. biocompatibility, biodegradability and presence of one artificially synthesized polypeptide block (respectively PGA and PBLG). In previous studies, we already evidenced the formation of magnetic vesicles with PGA as hydrophilic block, 19 and magnetic micelles 65 with PBLG as hydrophobic block. 20 Measurements of the NMR-Dispersion (NMRD) curves of the nuclear longitudinal (r 1 ) and transverse (r 2 ) relaxivities are reported, from very low frequency to high frequencies used by clinical imagers (21 MHz and 64 MHz). We show here that both types of HNPs behave like 70 efficient "negative" contrast agents increasing the transverse relaxivity of the protons. They offer improved properties as negative CAs (higher r 2 and r 2 /r 1 ) as compared to Endorem ® , a standard superparamagnetic agent composed of maghemite NPs clustered by Dextran yielding aggregates with undefined shapes 75 and diameters ranging from 50 to 100 nm. 21,22 Furthermore, we demonstrate that the (micellar or vesicular) morphology has a lower impact on the transverse relaxivities than the core size of the maghemite crystals to obtain the best relaxometric properties. Following a universal method to derive the transverse relaxivity 80 from the outer size of the HNP, its magnetization, and the internal iron oxide volume fraction, 23 we evidence here that the relevant parameter for r 2 is the number of encapsulated USPIOs normalized by the hydrodynamic diameter, whenever the particle is a micelle or a vesicle. 85

Experimental section

Reference material

Used as reference material, Endorem ® was purchased from Guerbet Group (Roissy, France) and used without further purification. Thermogravimetric analysis (TGA, TA Instruments) 90 yielded an inorganic content of 17.3 gL -1 iron oxide, which is coherent with the iron concentration of 11.2 gL -1 (200 mM Fe ) claimed by the supplier. From the organic content also measured by TGA, iron oxide represents 63.8 wt% of the total solid matter or, equivalently, a volume fraction of 26 % v/v in the composite.
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Synthesis of iron oxide superparamagnetic nanoparticles

Superparamagnetic maghemite (-Fe 2 O 3 ) nanoparticles were synthesized in water according to Massart's procedure. [START_REF] Massart | Magnetics[END_REF] Details of the process are described in Supporting Info. Briefly, magnetite Fe 3 O 4 nanocrystals (also called ferrous ferrite 100 FeOFe 2 O 3 ) were prepared from an alkaline coprecipitation of a mixture of iron +II and iron +III chloride salts in HCl solution. After acidification, magnetite was oxidized into maghemite by immersion into boiling ferric nitrate solution. The "ionic ferrofluid" obtained, which presents a wide size-dispersity, was 105 treated with a size-sorting procedure based on fractionated phaseseparation. 25 After repeating this process three times (see Fig. SI-1 in Supporting Information), three fractions with well defined sizes were selected for this work. In order to disperse them in a chlorinated solvent, 26 these fractions were coated with Beycostat 110 NB09 (CECA, Arkema group, France), an anionic surfactant composed of a mixture of mono-and di-esters of phosphoric acid with alkylphenol chains containing nine ethoxy groups. 27 The grafting was performed by reacting 200 g of surfactant per mole of iron oxide (around 20 mol%) in acidic conditions (HNO 3 2 molL -1 ) for 30 min at 60 °C under vigorous stirring and subsequent removal of the surfactant in excess by 5 washing cycles with methanol. The obtained precipitates of hydrophobic USPIOs were readily suspended in dichloromethane by simple vortexing, leading to the hydrodynamic diameters measured by dynamic light scattering listed in Table SI-I.

Copolymers synthesis

PEG 45 -b-PBLG 13 was synthesized according to a protocol described elsewhere with minor modifications. 28 Briefly, CH 3 O-10 PEG-NH 2 (2000 gmol -1 , RAPP Polymere, Germany; 2 g, 1 mM) was dissolved in 2 mL dioxane, freeze-dried and dissolved in dry DMF (0.1 gmL -1 ). In a glove-box, γ-benzyl-L-glutamate Ncarboxyanhydride (Isochem, France; 4.20 g, 16 mM) was introduced into a flame-dried Schlenk flask and dissolved in anhydrous DMF (0.1 gmL -1 ). This solution was then added under vacuum to the first flask. The mixture was stirred for 48 hours at 40 °C in an oil bath. The polymerization medium was concentrated by cryo-distillation and the copolymer was recovered by precipitation into cold diethyl ether. The white powdery solid was then washed three times with diethyl ether and finally dried under dynamic vacuum for 24 hours. The degree of polymerization of PBLG measured by proton NMR was DP=13±1, corresponding to a molar mass of 2.8±0.2 kgmol -1 . For some samples, we used a 1:1 mixture of PEG-b-PBLG batches with the same polypeptide block length but differing by the molar mass of the PEG chains (respectively 2000 and 12000 gmol -1 ).

PTMC 25 -b-PGA 12 diblock copolymer was synthesized following a previously published method. 29 Briefly, amino endfunctionalised PTMC (PTMC-NH 2 ) was synthesized by ringopening polymerization (ROP) of TMC (kindly provided as a gift by Labso Chimie Fine, Boerhinger Ingelheim, France) in the presence of diethyl zinc and 3-(Fmoc-amino)-1-propanol as initiator, followed by the deprotection of the amine group with piperidin. PTMC-b-PBLG was then prepared by ROP of γbenzyl-L-glutamate N-carboxyanhydride (Isochem) initiated by the PTMC-NH 2 macroinitiator and subsequently deprotected into PTMC-b-PGA amphiphilic diblock copolymer by catalytic hydrogenation.

Preparation of hybrid (copolymer / iron oxide) particles

Hybrid nanoparticles (HNPs) were obtained by the nanoprecipitation method also called solvent displacement or solvent assisted dispersion. 30 For PTMC-b-PGA hybrid vesicles, Tris buffer 50 mM pH 7.4 (9 mL) was added in 10 seconds under magnetic stirring (500 rpm) at room temperature to a solution in DMSO of PTMCb-PGA block copolymer (10 mg, 1 mL) and the volume of iron oxide NPs in dichloromethane corresponding to the desired feed weight ratio (FWR, defined as the weight of iron oxide divided by the copolymer weight multiplied by 100). The traces of dichloromethane became negligible after rapid evaporation. The buffering at neutral pH was necessary to deprotonate the acid moieties of the PGA blocks and provide them negative charges.

In the case of hybrid PEG-b-PBLG particles, ultrapure water Total solid content of the final particles dispersions was assessed by differential weighting after water evaporation using a 65 TGA Q50 instrument (TA Instruments).

Particles size and morphology

Hybrid particles sizes were measured by Dynamic Light Scattering (DLS) using a NanoZS90 apparatus from Malvern Instruments working at a scattering angle of 90°. The sample was 70 kept at constant temperature (25 °C) during all the experiment. Data acquisition was carried out using the automatic adjustment of position, attenuation and measurement time. Three measurements were averaged to obtain mean values of the Zaverage hydrodynamic diameter (D H ) and polydispersity index 75 (PDI) obtained from the ratio of the 2 nd order cumulant divided by the square of the 1 st order one.

For transmission electron microscopy (TEM), samples were prepared by spraying 1 gL -1 suspensions of particles onto a copper grid (200 mesh coated with carbon or carbon/Formvar™) 80 using a homemade spraying tool. After complete drying, samples were stained with a 1% w/v uranyl acetate solution in water. Bright field images were recorded at the Bordeaux Imaging Center (Bordeaux University) on a Hitachi H7650 microscope working at 80 kV and equipped with a GATAN ORIUS SC1100 85 11 Megapixel camera.

Iron content determination

Total iron titration providing the value of equivalent ferric ions concentration, C Fe , is of uppermost importance for precise relaxometric studies. An absorption spectrum curve between 200 90 and 800 nm wavelengths calibrated by atomic emission spectroscopy was used for rapid and non invasive assessment of iron oxide amount in HNP suspensions (Figure SI-4). To avoid uncertainty coming from a turbidity baseline in case of large size HNPs inducing a strong light scattering effect, a more precise 95 measurement involving the total disruption of the USPIOs and their conversion into dissolved Fe 3+ ions was used. Each aliquot was incubated for 1 hour at 60 °C in HCl 5 molL -1 in a capped vial, and the iron hexachloride complex concentration C Fe =[FeCl 6

3-] was read using Beer-Lambert's law at the 100 wavelength of the absorption peak of FeCl 6 3-(350 nm). According to calibration with a series of ferric chloride solutions in HCl 5 molL -1 (Figure SI-5), the extinction coefficient of the

ferric chloride complex is  350nm =2800 mol -1 Lcm -1 .
Zero-Field-Cooled /Field-Cooled magnetization curves 105 ZFC and FC curves were measured with a SQUID magnetometer (Quantum Design Ltd.) upon increasing temperature, with a 5 mT probing field. Before each procedure, samples were cooled with (FC) or without (ZFC) applying the probe field. The blocking temperatures, T B , identified at the maxima of the ZFC curves, are 

NMR relaxometric measurements

The 1 H NMR relaxometry characterization (NMR-dispersion profile) was performed at physiological (37 °C) and room temperature by measuring the longitudinal and the transverse nuclear relaxation times T 1 and T 2 , in the frequency range 10 kHz-60 MHz. It should be noticed that the measurements at room and physiological temperatures gave the same results within 10 % (corresponding to viscosity change of water). The range of frequency  has been chosen in order to cover the most used clinical fields i.e. 0.2 T (8.5 MHz), 0.5 T (21 MHz) and 1.5 T (64 MHz) and to study the mechanisms that lead to the nuclear relaxation, through the analysis of curves of r 1 and r 2 vs.  (NMRD profiles). The NMR signal detection and generation was obtained with a Smartracer ® Fast-Field-Cycling relaxometer (Stelar, Mede, Italy) for 10 kHz-10 MHz, 31 and with a Stelar Spinmaster spectrometer for >10 MHz. In the second case, standard radio frequency excitation sequences were used for T 1 and T 2 measurements, respectively inversion-recovery and Carr Purcell Meiboom Gill (CPMG).

To determine the efficiency of MRI contrast agents, we calculated the longitudinal (r 1 ) and transverse (r 2 ) nuclear relaxivities. The relaxivity values are defined as the increase of relaxation rates of the solvent induced by 1 mmolL -1 of iron:
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where is the relaxation rate measured for a sample of iron concentration C Fe (mmol•L -1 ) (see Table 1 andTable 2), and represents the diamagnetic contribution to nuclear 30 relaxation rate of the host solution (≈4 s -1 for ultrapure water).

Results and Discussion

Hybrid particles characterization

Self-assembly of both copolymers with iron oxide nanoparticles 35 led to stable, well defined, colloidal dispersions in water-based media for the feed weigh ratios (FWRs) indicated in Tables 1 and2. By carefully choosing the nanoprecipitation parameters, 29 vesicles of comparable sizes (measured by DLS) were prepared with PTMC 25 -b-PGA 12 and various amounts of the three USPIOs 40 sizes available (Table 1). By the same nanoprecipitation process, PEG 45 -b-PBLG 13 formed micelle-like aggregates with the USPIOs (Table 2). These two geometries are depicted schematically on Figure 1. Clearly, for PTMC-b-PGA, the amount of USPIO has no impact on the size of the vesicles (as 45 showed in Figure 2 for vesicles loaded with 6-7 nm USPIOs), since the preparation process mainly governs this characteristic. 30 Indeed, for iron oxide contents ranging from 5 to 70 %, the mean size and polydispersity indexes of the vesicles are very similar, with narrow and symmetrical size distributions typical of fairly 50 monodisperse samples. The hydrodynamic diameters and PDI values in a cell culture medium supplemented with up to 10% foetal bovine serum do not change significantly compared to pure water (in vitro stability and toxicity assays on M10-20 and V10-20 will be published in a forthcoming paper). Thus we can infer a Measured iron contents in the hybrid particles are in good agreement with the targeted FWR. Moreover, both methodsfit of the whole absorption spectrum of intact HNPs or colorimetric assay of the FeCl 6 3-complex content after acidic degradationgave similar results within their respective experimental uncertainties (Table 1 and 2, columns 3 and 4). and filled micelle with a hydrophobic (orange) and magnetic core surrounded by a hydrophilic shell (blue) (b). For both geometries, we took into account the theoretical factor between the hydrodynamic and the physical sizes (respectively 1 for a spherical shell and 0.775 for a filled sphere. 32,[START_REF] Burchard | Light Scattering from Polymers[END_REF] At low FWRs, USPIOs do not cover the entire surface of the vesicles (Figure 3.b & 4.a) and form patches, letting some areas uncovered. 30 Looking at the TEM images of much highly loaded vesicles (Figure 4.b), it appears that the maximum FWR accessible before the destabilization of the system, 70 wt%, also corresponds to the saturation of the membrane where USPIOs are closely packed, leaving very few uncovered areas. 35 Moreover, as observed by Hickey et al., [START_REF] Hickey | [END_REF] the incorporation of USPIOs in the membrane of polymersomes visibly affects their mechanical properties. Indeed, at low FWR, vesicles are spread on the TEM grid and their apparent diameter is higher than the diameter measured by DLS. On the contrary, at high FWR like in 40 the V6-70 sample, nanoparticles rigidify the vesicles that maintain their spherical shape (Figure 4). The number of USPIOs per hybrid particle can be estimated roughly using the following formulas involving experimental parameters such as the hydrodynamic diameter of the hybrids, D H , membrane thickness,  mb (vesicles only), FWR, and using simple geometric considerations (Figure 1):
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for vesicles 30 (Eq.2a) where  Fe2O3 =5 gcm -3 and  copo are the mass densities of respectively the inorganic and the organic parts of the HNPs, with  copo =1 gcm -3 for PTMC-b-PGA and  copo =1.28 gcm -3 for PEGb-PBLG (density of PBLG reported in literature, 35 which appears to be close to that of PEG). Values calculated from Eq. 2a and Eq. 2b are reported in Table 1 and Table 2, respectively. These estimates are pretty well correlated with the approximate numbers of USPIOs per object counted on the TEM pictures. T 1 and T 2 relaxivities of hybrid copolymer/iron oxide particles 30 In the following, we aim at separating the intrinsic relaxometric properties of the USPIOs (due to their weight-average core size d w and specific magnetization m spe as individual nanoparticles) and the benefits of their self-assembly into a cluster of given geometry, either as filled micelles or hollow vesicles. The 35 USPIO's size is indeed directly correlated to relaxometric properties for two reasons. At first, the saturation magnetization of USPIOshence their T 1 and T 2 reducing capabilitydecreases for lower sizes due to the increase of surface-to-volume ratio that reduces the number of atoms that contribute efficiently 40 to the particle's magnetic moment. 36 In other words, smaller USPIOs are less magnetized (in terms of volume magnetization, that is nothing else than the volume concentration of Bohr magnetons within the magnetic core), a tendency appearing clearly on the data reported in Supporting Information for the 45 three USPIO batches (Table SI-I). The second reason is related to the so-called "outer sphere" mechanism that is invoked generally to explain the higher relaxation rates of protons in the vicinity of superparamagnetic CAs. 13,14,[37][38][39] In this theory also called "Motional Averaging Regime" (MAR), the relaxation rates 50 R i =1/T i (i=1,2) are estimated from the fluctuations of the interaction between the magnetic particle considered as static and the water protons exploring by translational diffusion all the values of dipolar magnetic field lines around the particle. The parameters are the volume magnetization M v and the sphere 55 radius R NMR , which is the minimal approach distance between the protons and the centre of the particle, thus R NMR includes the thickness of any organic coating impermeable to water around the particle. A characteristic time  D of proton diffusion is defined as  D =(R NMR ) 2 /D where D stands for the diffusion constant of the 60 water molecules (that slightly varies with temperature). As long as the particle keeps a high value of M v , increasing the outer shell radius R NMR leads to a longer time during which the proton interacts with the magnetic field created by the particles. Larger USPIOs should thus bring higher intrinsic relaxometric properties 65 to the hybrid particle. But from the previous structural study by TEM and DLS, the maximal FWRhence the number of USPIOs per object that can be accommodated within the selfassembled polymer structuresis much lower for larger magnetic cores: 20 wt% for 10-15 nm USPIOs vs. 70 wt% for 6- The shape of these r 1 () NMRD curves can be explained through the known mechanisms of nuclear longitudinal relaxation in superparamagnetic particles. 13,14 The first mechanism is the Néel relaxation, dominating at low frequency, induced by the reversal of the magnetic moments through the anisotropy energy barrier. The second mechanism is the Curie relaxation that predominates at higher frequencies and is ascribed to the progressive orientation of the magnetic moments with an increasing field. According to the Langevin's law, this mechanism is a function of the USPIOs' parameters d w and m spe and temperature. While Néel's mechanism flattens the curve at low frequencies, Curie's mechanism is responsible for the maximum of r 1 () at higher frequencies. In particular, the inflection point at the right foot of the peak corresponds to  D ≈1. 20 Consequently, the shift of the peak from 8 MHz for the 6-7 nm USPIOs to 2 MHz for the 10-15 nm USPIOs is directly explained by the two-fold size increase of the USPIOs' size (thus, respective values of  D varying in a ratio 4).

  Φ V N D HNP O Fe US P I O
From a theoretical point of view, the longitudinal relaxivity can be written following a heuristic model first introduced by Roch et al [37][38][39] . The fitting expression of r 1 () reported by Laurent et al. in a popular review paper 14 (Eq. ( 27)) has been obtained by linear combination of the cases of null and infinite anisotropy and by approximation of a more complete model, which starts from the spin Hamiltonian, [37][38][39] but is not applicable to particles with diameters higher than 5-6 nm due to un-practicable calculation times.

With the above heuristic model, we fitted only the data of micelle-like samples, as the vesicular samples would require a more refined model due to the particular shell topology of the magnetic part. The simulated curves reported on Figure 5 fit relatively well the experimental NMRD profiles. It should be noted that the values of specific saturation magnetization m spe resulting from the fits are very close to those measured by 40 magnetometry. From the fitting parameters of Figure 5, we see that the value  Néel =17 ns deduced for the 6-7 nm USPIOs is typical of superparamagnetic iron oxide. The value  Néel =47 ns for the 10-15 nm USPIOs is obviously underestimated, since the dispersion of r 1 () at low frequency is too weak to get a reliable 45 estimate of  Néel from the fit. 14 Another interpretation could be the strong inter-USPIO interactions in these dense micelles, lowering  Néel compared to individual USPIOs. Concerning the distance of minimum approach of the protons, the values of 2R NMR (11.2 and 20.1 nm, respectively) are larger than the weight-average 50 diameters of the magnetic cores d w (7.5 and 14.8 nm, respectively), but remain well below the hydrodynamic diameter D H values (Table 2). The diffusion constant of water molecules obtained from the fits are twice as lower than the value in the bulk, D(H 2 O)=310 -9 m 2 s -1 at 37 °C. The decrease of D(H 2 O) 55 can be ascribed simply to an excluded-volume effect experienced by water molecules near hydrophobic solutes, 40,41 which hampers the rotations around hydrogen bonds and divides the water diffusion constant by a geometrical factor around 2. Therefore we can conclude that the PBLG cores of the micelles are partially 60 penetrated by water molecules. For transverse relaxivities, the analysis of 1/T 2 data for the PTMC-b-PGA vesicles was complicated by a non mono-In fact, for all these samples, at frequencies higher than 10 MHz, two exponentials contribute to the total transverse nuclear magnetization, corresponding to two different nuclear transverse relaxation times T 2 . The fast T 2 relaxation mode might be ascribed to the contribution of water protons located inside the vesicles, whose diffusion is confined and which are thus maintained at close vicinity of the USPIOs. Since the shortest T 2 was always lower than 1-3 ms and considering that in standard clinical MRI T 2 -weighted sequences the parameters which affect the signal intensity (repetition time, TR, and echo time, TE) are usually longer than 1-5 ms, we reported on Figure 6 only the relaxivity r 2 () values obtained from the slow T 2 relaxation time, which ranges from 4 to 60 ms.

Based on the measured T 1 and the long T 2 components at the clinical relevant frequency =60 MHz (Table 3), micellar and vesicular samples loaded approximately at the same FWR with USPIOs are saturated at more than 95%, whereas the magnetization of 6-7 nm USPIOs continue to grow, according to Langevin's superparamagnetism law. Since the transverse relaxivity is related to the square of particles' magnetization, 13,14 the saturation of r 2 for M8 and M10 micelles and on the contrary the continuous increase with the M6 ones are totally understood by the differences of USPIOs' size and thus of the saturation degree of the magnetic moments in the corresponding magnetic field values. But in the case of vesicles (Figure 6), the Langevin's function alone cannot explain the r 2 () profiles, since r 2 continue to grow for ≥10 MHz (B≥0.24 T) not only for V6 vesicles but also for the V8 and V10 ones, whereas 8-10 nm and 10-15 nm USPIOs are saturated at more than 85% at these fields. A plausible explanation for this discrepancy between NMRD profiles of micelles and vesicles could be that, unlike micelles, magnetic shells become anisotropic in strong magnetic fields.
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Neutron scattering experiments reported on similar magnetic polymersomes showed that they deform indeed under magnetic field intensities as low as B=0.1 T (=4 MHz). 19,30 Thus the continuous increase of the r 2 () profiles could be due to the combined effects of the magnetization curve of the USPIOs (until 20 the total moment saturates) and the deformation of the vesicles that continue to deform further under increasing fields. The non spherical symmetry of such soft magnetic shells under a strong applied magnetic field should be deeper investigated in order to try fitting the full experimental T 2 NMRD profiles, but this is 25 beyond the scope of the present article. a The intra-aggregate volume fraction occupied by -Fe2O3 was used to calculate the magnetization over the whole object (micelle or vesicle) and to estimate the transverse relaxivity limit at high frequency within the frame of the MAR model of protons spins relaxation. Other values come from Monte-Carlo simulations of the static dephasing regime (SDR) for peculiar values of Mv. 23,42 On the structural point of view, there is a discrepancy between micelles and vesicles in term of the "intra-aggregate" volume fraction occupied by iron oxide inside the HNP. 23 For the micelles which internal core is filled with USPIOs and only marginally permeable to water, the volume fraction is identical to the dry volume fraction given by Eq. ( 3) and measurable by TGA. For vesicles, the internal aqueous core needs to be taken into account to estimate the effective intra-aggregate volume fraction through  intra = HNP 6 mb /D H , as reported on column two of Table 3. Effective intra-aggregate volume fractions  intra are needed in order to calculate the volume magnetizations at saturation M v = intra m spe of the entire HNPs. From these values, it is possible to compute estimated r 2 of the HNPs using either the MAR theory (for D H values sufficiently small) or Monte-Carlo simulations when the size of the clusters falls in the validity range of another model called "static dephasing regime" (SDR), as shown in recent studies intended to rationalize the comparison between experimental r 2 values and the available models. 23,42 In practical, for the smaller HNPs we used the scaling law 50 r 2  intra 11.610 -12 (M v D H ) 2 , characteristic of the MAR model. 23 For micelles or vesicles that are either larger or more magnetic, we used the results of Monte Carlo simulations made in the closest range of magnetization M v (see Figure 2 in Vuong et al. 23 ); this method yields less precise results since simulations of 55 the curve r 2  intra vs. D H are needed for each value of M v. Nevertheless, the models (either MAR or SDR) lead to estimates of the high field transverse relaxivity that are reasonably close to the experimental data (Table 3), a plausible source of discrepancy being the size-dispersity, suggesting the possibility in future of 60 improved theory-experiment matching by size grading. Another indicator of the relaxometric properties of a given MRI CA is the ratio between the transverse and longitudinal relaxation rates (r 2 /r 1 ), being 1-2 in the case of traditional paramagnetic (positive) CAs and above 10 and up to 50 or more in the case of 65 superparamagnetic (negative) CAs. 13 Negative CAs with a high r 2 /r 1 ratio enable obtaining contrasted images of tissues with T 2 -weighted or T 2 *-weighted MRI sequences. For both particle types, the measured r 2 /r 1 ratios (Table 3, column 6) are always greater than 10, which is the value obtained for the negative contrast agent Endorem ® . Two samples (V10-20, M10-20) elicit remarkably higher values, one order of magnitude above the Endorem ® , suggesting an optimal configuration with the most strongly magnetized 10-15 nm USPIOs confined inside a hydrophobic environment that is either a spherical core for PEGb-PBLG micelles or between the leaflets of a bilayer membrane for PTMC-b-PGA vesicles. Then, we tentatively aimed at deciphering which one from USPIOs' size, FWR, and micelle vs. vesicle geometry is the most influent parameter to increase the transverse relaxivity. We show here that for a given size of iron oxide core, the value of r 2 at 20 60 MHz depends mainly on the number of encapsulated USPIOs (N USPIO ) divided by the diameter of the cluster (D H ). This parameter is relevant not only for relaxometry, but also to estimate the magnetophoretic velocity of magnetic objects in a field gradient. 30 In this case, the morphology (vesicle or micelle) 25 has only a minor influence, as shown on Figure 7 where r 2 is plotted vs. N USPIO /D H , for both types of samples. A linear relation is observed for each size of USPIOs, independently of the HNP morphology (all the data overlap in case of the 8-10 nm USPIOs). Indeed, the parameter that has the greatest influence on the final 30 relaxivity of the assemblies is the individual size of the USPIOs. For a given USPIOs' size range, r 2 is related to both the external diameter D H and the intra-aggregate volume fraction of magnetic material  intra , which variation law with the FWR used during the synthesis is dependent upon the geometry. But when designing magnetic clusters, an easy thumb-rule for the chemists consists in increasing the number of USPIO per cluster (N USPIO ) while keeping the size of the assemblies (D H ) at a moderate value.

From these results, one can conclude that the structure of the cluster (micelle or vesicle) has a weak influence on transverse relaxivity, mostly by the shape of the profile of r 2 vs. field or frequency as measured by fast-field cycling. Nevertheless, it was observed in a recent study that the morphology can impact the relaxivity of magnetic assemblies, a particular magneto-core/shell structure exhibiting a higher relaxivity than usual dense magneto-45 micelles and magneto-polymersomes. [START_REF] Hickey | [END_REF] The authors ascribed this phenomenon to a better water accessibility when USPIOs are located at intermediate distance in the corona of the micelles rather than distributed homogeneously or buried deeply in the hydrophobic cores, where they are separated from water protons 50 by a thick shell of hydrophobic polymer, in that case polystyrene.

This particular magneto-core/shell morphology was obtained neither with PTMC-b-PGA nor with PEG-b-PBLG copolymers, presumably due to a better compatibility between the hydrophobic blocks and the surfactant-coated USPIOs (thus no 55 micro-phase separation in the assemblies). For both morphologies tested in this work (magnetic micelles or magnetic vesicles), the thickness of the non-magnetic layer covering the USPIOs was small enough or sufficiently permeable to water molecules. Thus all magnetic material introduced in the particles efficiently 60 contributes to the measured r 2 . Our results are also in accordance with recent Monte-Carlo simulations of dense spherical micelles and hollow shells of USPIOs' clusters, leading to comparable r 2 values for both geometries. 42 In this study, the sample maximizing the transverse relaxivity 65 was the batch of M10-20 micelles prepared at high feed weight ratio (20 wt%) from the biggest USPIOs (10-15 nm) clustered in a compact fashion (meaning maximizing the ratio N USPIO /D H ).

With r 2 =500 s -1 mM Fe -1 , they compete with the samples from the class of magnetic hydrogels, the best T 2 contrast agents reported 70 so far, whose superior transverse relaxivity was ascribed to their hydrophilic nature. 43,44 The world record of transverse relaxivity for iron oxide HNPs was recently pushed higher, slightly above 600 s -1 mM Fe -1 at 1.4 T for a series of USPIOs clusters chemically cross-linked by hydrophilic polymer chains. 45 Nevertheless, this 75 type of high r 2 magnetic hydrogels follows the MAR model: the universal scaling law 23 r 2 (m spe D H ) 2 • intra is still valid, but the volume fraction of iron oxide in the composite measured by TGA (thus in dry state) must be normalized by the swelling ratio of the hydrogel (volume of water divided by volume of solid matter), 80 which is totally equivalent to the interpretation by the authors that the surface-to-surface separation between the USPIOs within the clusters is enlarged, giving space for the entry of water. 45 

Conclusions

A series of hybrid particles was prepared by self-assembly of 85 amphiphilic copolymers and various amounts of hydrophobically coated USPIOs of three different sizes. Depending on the copolymer used, these HNPs exhibited either a micellar or vesicular morphology. Their relaxometric properties were studied on a large frequency range and results compared to theoretical 90 models. Focusing on geometrical and composition parameters, we found that, for a given USPIO's size, for a fixed frequency (60 MHz) and for the spherical geometry, r 2 varies linearly with the ratio of the number of embedded USPIOs over the hydrodynamic diameter of the cluster (r 2  N USPIO /D H ), whatever 95 the HNP morphology. This plot also clearly shows that the individual USPIOs' size has the uppermost effect onto the final efficiency of these hybrid NPs as contrast agents. The cluster geometry (micelle or vesicle) has a mild influence on the final properties as contrast agent, but a strong influence on the physical 100 properties, as seen by comparing the transverse relaxivity curves r 2 (); further efforts to interpret these data quantitatively using more complex models should be done. Thanks to their relatively small size and the nature of the polymer hydrophobic blocks (poly(ester) and poly(amino acid)) used indeed, the particles studied in this work have partially hydrated cores. Therefore, all the magnetic material embedded in the HNPsbe it micelle or vesiclecontributes efficiently to the final contrast agent properties. According to our results, it is likely that the structure of polymer/iron oxide assemblies will have an impact on their efficiency as MRI contrast agents in the case of larger objects 10 prepared with highly hydrophobic material where USPIOs buried in the dehydrated core will not have any impact on water protons. Consequently, for small particles prepared from biodegradable polymers, the choice of geometry can be determined by other requirements, for instance the type of bio-active compounds that needs to be loaded: for a hydrophobic drug (e.g. Paclitaxel), a micelle geometry will be preferred, whereas for a hydrophilic one (e.g. nucleic acids) the encapsulation within the aqueous core of a vesicle would be best suited. When designing nanocarriers for theranostic applications from magnetic polymer HNPs, the choice 20 of nanostructure (spherical micelles, polymersomes, core-shells, hydrogels...) can be dictated by other requirements (drug loading efficiency, grafting of biological ligands for tumor targeting...) since MRI contrast efficiency can always be optimized, whatever the particulate structure, by choosing appropriate magnetic core 25 size, localization and feed weight ratio of the USPIOs, a good hint being to maximize the N USPIO /D H ratio. com-puted tomography; DDS, drug delivery systems; DLS, dynamic light scattering; FFC, fast-field-cycling; FWR, feed weight ratio; HNP, hybrid nanoparticle; MAR, motional averaging regime; MPS, mononuclear phagocyte system; MRI, magnetic resonance imaging; NANOTHER, integration of novel PBLG, poly(γ-benzyl-L-glutamate); PDI, polydispersity index; PEG, poly(ethylene glycol); PET, positron emission tomography; PGA, poly(L-glutamic acid); PTMC-,
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  120 mL) was added in 25 seconds under magnetic stirring at room temperature (22 °C) to a solution of PEG-b-PBLG block copolymer (45 mg; 40 mL) and iron oxide NPs in DMSO. Both solvent and aqueous solutions were filtered (0.22 μm) prior to the addition. After nanoprecipitation, DMSO was eliminated from 60 the suspensions by dialysis against ultrapure water for PEG-b-PBLG HNPs and Tris 50 mM pH 7.4 for PTMC-b-PGA HNPs (35 L).

Figure 3

 3 shows representative bright field TEM images of PEG-b-PBLG (a) and PTMC-b-PGA (b) HNPs loaded with 10 wt% FWR of 10-15 nm USPIOs, where their respective micellar and vesicular geometry are clearly evidenced. For M10-10 hybrid micelles (a), around 1 to 10 USPIOs per particle are fully wrapped by the polymer material and located in the hydrophobic core of the objects. On the contrary, in the case of V10-10 (b), the location of the iron oxide NPs solely at the periphery of the objects confirms their incorporation within the membrane of polymersomes, this behavior being identical for V6-10 vesicles which are loaded at the same FWR but with the smallest USPIOs (Figure 4.a).

Fig. 1

 1 Fig.1 Sketches of the two geometries of hybrid particles, respectively hollow vesicle with USPIOs (red spheres) embedded in the membrane (a) and filled micelle with a hydrophobic (orange) and magnetic core surrounded by a hydrophilic shell (blue) (b). For both geometries, we took

Fig. 2

 2 Fig.2 Autocorrelation curves and corresponding size distributions45

  volume fraction occupied by iron oxide in the composite and the weight-average volume of the USPIOs:

Fig. 3

 3 Fig.3 Transmission electron microscopy images of (a) PEG-b-PBLG and (b) PTMC-b-PGA HNPs loaded with 10 wt% FWR of 10-15 nm USPIOs. Negative staining: 1% uranyl acetate. The approximate numbers of USPIOs per object calculated by (Eq.2a) are respectively 5 per M10-10 micelle (a) from (Eq. 2b) and 2 per V10-10 vesicle (b) from (Eq. 2a), in agreement with the TEM pictures.

70 7 nmFigure 5

 75 Figure 5 shows typical examples of NMRD longitudinal relaxivity curves (r 1 vs. ) obtained for hybrid micelles with the smallest USPIOs (M6-5, Figure 5.a) and the largest ones (M10-20, Figure 5.b). Both profiles are flat for low frequencies, then reach a maximum and finally decrease rapidly at higher 80

Fig. 4

 4 Fig.4 Transmission electron microscopy images of PTMC-b-PGA HNPs loaded with (a) 10 wt% and (b) 70 wt% FWR of 6-7 nm USPIOs. The approximate numbers of USPIOs per vesicle calculated by (Eq. 2a) are respectively ≈30 for V6-10 (a) and ≈235 for V6-70 (b), in agreement with the TEM pictures.

Fig. 5

 5 Fig.5 Fitting of the T1 NMRD curves with the "outer shell" model for the micelle samples M6-5 (a) and M10-20 (b). The parameters of the fits are:65

  USPIOs of the same size such as M8-30 and V8-35 are relatively equivalent in term of r 2 and r 2 /r 1 . However when looking at the full curves of transverse relaxivity r 2 (), the two geometries respectively PEG-b-PBLG micelles (Figure SI-6) and PTMC-b-25 PGA vesicles (Figure 6) display somehow different behaviours. Indeed, while HNPs loaded with the smallest USPIOs' size (M6-5, V6-5, V6-10, V6-50, V6-70) show a continuous increase of r 2 () at high frequencies (≥10 MHz, Figure 6.b), all the other samples (M8-20, M8-25, M8-30, M10-20, V8-35, V8-50, V10-5, 30 and V10-10) reach a saturation plateau at frequencies ≥32 MHz, i.e. magnetic field values above 0.75 T (Figure 6.d). These two behaviours could be ascribed either to individual magnetic properties of the USPIOs or to the global morphology of the clusters: as seen on the magnetization curves (Figure SI-2), at 35 0.75 T and above, the magnetization of 8-10 nm and 10-15 nm

Fig. 7

 7 Fig. 7 Master curve representing the relavixity r2 at high field (60 MHz for the proton resonance) vs. the ratio of the number of USPIOs divided by the hydrodynamic diameter for the majority of samples reported in this study, both vesicles (V6-5, V6-10, V6-50, V6-70, V8-35, V8-50, V10-5, V10-10, V10-20) and micelles (M8-20, M8-25, M8-30).

40 NANOparticle

 40 based technol-ogy for THERapeutics and diagnosis of different types of cancer; NMRD, nuclear resonance dispersion;

Table 1

 1 Characteristics of the studied hybrid PTMC-b-PGA vesicles, named according to: V(USPIOs' size)-(theoretical -Fe2O3 FWR).

	Vesicles			Inorganic part			Organic part	DLS results
	Sample code	USPIOs	CFe (mM) (spectrum fit)	CFe (mM) HCl) a (OD350nm c after degradation in	Effective (wt%) FWR iron oxide	Approximate HNP d number of USPIOs per	[Copolymer] (mgmL -1 )	DH (nm)	PDI
	V6-5	6-7 nm	0.4	0.5	5.0	22	0.8	125	0.07
	V6-10	6-7 nm	0.8	0.95	9.5	29	0.8	102	0.14
	V6-50	6-7 nm	4.0	5.8	51.6	154	0.9	109	0.11
	V6-70	6-7 nm	6.0	7.7	68.1	235	0.9	116	0.09
	V8-35	8-10 nm	5.4	5.9	33.8	16	1.4	67	0.14
	V8-50	8-10 nm	7.4	7.6	50.5	31	1.2	79	0.15
	V10-5	10-15 nm	0.8	0.77	5.1	1	1.2	87	0.11
	V10-10	10-15 nm	1.5	1.4	10.1	2	1.1	73	0.14
	V10-20	10-15 nm		50 b	20 b	16	20.0	148	0.07

a The typical errors for iron assay by UV-V are ±5% with degradation into ions and only ±15% without. b calculated value (experimental value not determined), c supporting info, d from (Eq. 2a), assuming a membrane thickness mb=10 nm.

30 

Table 2

 2 Characteristics of the studied hybrid PEG-b-PBLG micelles, named according to: M(USPIOs' size)-(theoretical -Fe2O3 FWR).

	Micelles	Inorganic part

b calculated value (experimental value not determined), c supporting info, d from (Eq. 2b).

Table 3

 3 Intra-aggregate volume fractions and magnetizations, estimates and measured values of r2 and r2/r1 at 60 MHz.

	Sample	intra	Mv (Am -1	)	r 2 predicted value from MAR or SDR model a (s -1 mM Fe -1 )	r 2 measured at 60MHz (1.41 T) (s -1 mM Fe -1 )	r2/r1 at 60MHz
	V6-5	0.5%	1.410 3	67 (MAR)	71	14
	V6-10	1.1%	3.310 3	108 (MAR)	80	17
	V6-50	4.9%	1.410 4	120 (SDR)	114	25
	V8-35	5.8%	1.810 4	140 (SDR)	128	22
	V8-50	6.8%	2.110 4	180 (SDR)	167	25
	V10-5	7%	2.210 3	75 (MAR)	219	71
	V10-10	1.6%	5.310 3	125 (MAR)	205	51
	V10-20	1.5%	5.510 3	270 (SDR)	280	103
	M6-5	1.2%	3.510 3	170 (SDR)	180	90
	M8-20	4.8%	1.510 4	125 (SDR)	95	20
	M8-25	5.9%	1.910 4	135 (SDR)	90	19
	M8-30	7%	2.210 4	140 (SDR)	105	30
	M10-20	4.8%	1.710 4	400 (SDR)	500	126
	Endorem ®	26%	7.310 4	96 (SDR)	98	10

reported inTable SI-I. As expected, T B increases with USPIOs' size: the plot of 25k B T B vs. volume d w 3 /6 leads to an anisotropy constant K a =2.410 4 Jm -3 , typical for -Fe 2 O 3 (Figure SI-7b).

good stability of these samples also in vivo.

exponential behavior of the decay of the transverse nuclear magnetization M xy .
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J. Mater. Chem. B, 2013, 1, 5317-5328 | 8 Fig. 6 Longitudinal r1 (left) and transverse r2 (right) relaxivities for PTMC-b-PGA HNPs at different USPIOs' diameter and FWRs. For a given USPIOs' size, the r1() curves are roughly superimposed, being only slightly translated vertically when increasing the FWR. On the contrary the r2() curves vary much more significantly with the FWR. Like with the micelles, at high fields/frequencies r2 reaches a plateau for vesicles loaded with 8-10 nm or 10-15 nm USPIOs, while it continues to increase with the 6-7 nm ones. 
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