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INTRODUCTION

In 1957, Gilchrist R.K. et al. [1] proposed a novel antitumor treatment consisting in the injection of iron oxide nanoparticles directly inside tumors. Then, by applying a high-frequency alternating magnetic field (AMF), nanoparticles heated because of hysteresis losses and destructed tumoral cells. That was the beginning of magnetic hyperthermia approach. Another promising approach called "targeted magnetic intra-lysosomal hyperthermia" might solve some drawbacks of the conventional method. In this new approach, nanoparticles are grafted with specific ligands corresponding to the receptors overexpressed in cancerous cells; they only penetrate targeted cells and accumulate in their lysosomes. The heat released when AMF is applied then induces lysosomal membrane permeabilization, releasing toxic enzymes and leading to a non-apoptotic death of the targeted cell [2,3].

A part of research in this field focuses on the synthesis of biocompatible magnetic nanoparticles (MNPs) with the largest heating power, called Specific Absorption Rate (SAR), which is often determined by measuring the properties of nanoparticles suspended in water. However, MNP heating power does not only depend on their own characteristics but also on the physicochemical properties of the environment they are placed in. Human body and lysosomes in particular are media with a high viscosity [4,5]. Several reports have shown that the environment viscosity has a non-negligible impact on the MNP heating power [6,7,8,[START_REF] Guibert | Etude des propriétés d'hyperthermie de nanoparticules dispersées dans des systèmes complexes[END_REF][START_REF] Cabrera | [END_REF]. Therefore, the representativeness of heating power measurements in water can be questioned for biomedical applications. In Ref. [7] SAR values of single core MNPs and multicores MNPs, known as magnetic nanobeads (MNBs) were measured inside different viscous fluids. Results indicate a SAR decrease when viscosity rises for single or multi-core MNPs. Similar results were also obtained in Refs. [6,[START_REF] Cabrera | [END_REF].

The research presented in this paper is focused on the influence of the viscosity of the surrounding medium on the SAR of two batches of MNBs, which differ only by their diameter.

We found results similar to the ones cited above for our large MNBs but for small ones, we surprisingly observed an additional rise of SAR value when agarose content, and therefore viscosity, increases. Furthermore, our high frequency hysteresis loop measurement setup allowed us to observe MNB magnetic properties dependence on viscosity. Some interpretations based on these observations and on literature are provided to explain the differences in the magnetic and heating properties of these two batches.

METHODOLOGY a. Materials

The studied MNPs are two batches of FluidMag-PEG/Amine (Chemicell, Germany) with different diameters: 100 nm and 200 nm. They are composed of several magnetic cores clustered and coated by a shell of PEG-amine, as shown schematically in Fig. 1a. According to manufacturer (datasheet and personal communication), whatever the hydrodynamic diameter of the beads, magnetic cores are composed of a cluster of iron oxide NPs (Fe3O4) embedded in a polymer matrix (PEG -20 000 Da), and amine molecules as functional group. The nominal size of the cores is around 10 nm and the beads contain 1.25 g Fe3O4/cm 3 , which corresponds to a mean volume concentration of Fe3O4 inside the bead of approximately 24%. The cluster has a mean size of 75 nm and 175 nm for batches containing MNBs with a diameter of 100 nm (MNBs-100) and 200 nm (MNBs-200), respectively [see Fig. 1(a)]. This means that the volume concentration of the MNPs inside the cluster is larger than the estimate provided above since the MNPs are concentrated inside the cluster and not dispersed evenly inside the bead.

To vary sample viscosity, agarose powder (Eurobio, France) was mixed at different percentage weight per volume (from 0.1%w/v to 10%w/v) with hot water (at 90°C) to form stock solutions. Then 0.25 mL of each stock solution was injected inside glass tubes and completed with 0.25 mL of one of the MNB solutions. Thus, the final agarose content inside each tube was twice as low compared to stock solutions. Finally, each sample was sonicated, placed in a fridge at 4°C during 48 hours before use to ensure a stabilization of the agarose gel mechanical properties, as explained in Ref. [11].

The agarose percentage range used was chosen because it frames viscosity values, which MNBs can be exposed to when they are used for biological applications. For example, 2.5% of agarose content can mimic mechanical properties of soft tissues [18] with an estimated viscosity around 100 Pa.s [11]. Also, here are viscosity values measured inside different biological medium: 50 to 90 mPa.s inside lysosomes [12], 4 mPa.s for cytoplasm [4], and several hundred of Pa.s for cancer cells [13]. To compare, viscosity of water is 1 mPa.s.

b. TEM measurement

Samples for TEM analysis were prepared by deposition of a drop of a diluted solution on an amorphous carbon-coated copper grid. Low-resolution images were obtained using a JEOL-1400 microscope operating at 120 kV.

c. Magnetic measurements

Magnetic measurements were performed using a vibrating sample magnetometer (VSM) (PPMS -Quantum Design). Inside a VSM capsule 5 µL of MNBs solution were deposited and left 24

hours in the open air to obtain dry MNBs. The capsule was then sealed and hysteresis loops were performed in a -5/+5 T range at 300 K.

d. High-frequency hysteresis loop measurements

High-frequency hysteresis loop measurements were performed using a home-made coil, described in Ref. [14] and generating an AMF with an amplitude of 35 mT at 50 kHz. Magnetic field was applied during 60s and hysteresis loops were collected during this period of time.

Coercive field (Hc), magnetic susceptibility ( ) and SAR values were determined from hysteresis loop measurements. SAR is expressed in watt per gram of iron oxide, and is calculated by multiplying the hysteresis loop area of the sample by the magnetic field frequency (50.31 kHz for MNBs-100 and 50.43 kHz for MNBs-200). Magnetic susceptibility is dimensionless and is obtained by calculating the derivative of the hysteresis loop in the vicinity of Hc.

As mentioned in Ref. [14], measured hysteresis loops depend on the homogeneity of the magnetic material over the entire height of the sample. Because MNBs-200 are large particles, they tend to sediment and their concentration along the height of the sample can be different. To quantify this variation, hysteresis loops of each sample containing MNBs-200 were measured at two different heights, then the mean and standard deviation of the measurements were calculated.

RESULTS

According to the TEM observation performed on MNBs-100, the size of magnetic cores varies from 5 to 30 nm [see Fig. 1(b)]. Magnetic core sizes for MNBs-200 is expected to be the same than for MNBs-100 according to the manufacturer. This core size is consistent with the superparamagnetic behavior measured by VSM at 300 K for both MNBs-100 and MNBs-200 [ see Fig. 1(c)]. These measurements were achieved directly on stock solutions and allowed us to estimate their iron oxide concentration by dividing the measured saturated magnetization by the specific magnetization of bulk Fe3O4, which is 85 A.m²/kg. The iron oxide concentration for MNBs-100 and MNBs-200 was respectively 16 mg Fe3O4 / mL and 22 mg Fe3O4 / mL. Since the magnetization of the particles is probably lower, these values should be considered as lower bounds. To measure the impact of viscosity on MNB magnetic properties, several samples were prepared containing one type of MNBs (MNBs-100 or MNBs-200) in a known concentration of agarose. It is expected that the higher the agarose concentration, the higher the viscosity. The agarose percentage ranged from 0.05% to 2.5%. Then samples were placed inside a high-frequency magnetometer and their hysteresis loop was measured at 50 kHz. This magnetometer is a home-8 made setup described in the "methodology" section, part (d) and detailed in Ref. [14]. We chose this method to measure SAR instead of temperature measurements (calorimetric method) because we suspect that different gelling state of the samples could induce different thermal conductivities into the sample, as well as between the samples and the calorimeter, because of the absence or slowdown of convection. As a consequence, it could have been argued that an observed difference in the SAR of the different samples could originate from different thermal diffusion and not from changes in the viscosity itself. Magnetic estimation of SAR removes this possible artefact. Measurements started with a temperature around 21°C, and ended at a maximum of 27°C because of the MNB heating (curves not shown). The gelling temperature of agarose is around 37°C and, as shown in Ref. [15], when temperature of agarose is below this value, its mechanical properties do not change significantly. Thus, even if the temperature increased by at most 6°C, we assume that, during each measurement, the mechanical properties of the samples do not vary. High-frequency hysteresis loops of both MNBs at different agarose concentrations are presented in Fig. 2. In Fig. 2(d) hysteresis loops of MNBs-200 with agarose content of 1.3% and 2.5% are indistinguishable from each other. To evaluate more precisely the influence of the agarose content on magnetic properties of MNBs, magnetic susceptibility , and coercive field (Hc) agarose concentration will be distinguished, the "low viscosity" and the "high viscosity", which correspond respectively to values from 0% to 0.3% and from 0.3% to 2.5% for MNBs-200 (or from 0% to 0.5% and from 0.5% to 2.5% for MNBs-100). Although the exact agarose concentration values are different for the two series of samples, they are contained inside the same concentration range (0% to 2.5%) and allow comparing evolution of their magnetic properties. (2.4 mT). Then a drop of its value is observed for both MNBs for « low viscosity » even if this is more important for MNBs-100 than for MNBs-200. For the bigger MNBs, Hc reaches a steady value of 3 mT for « high viscosity », whereas for smaller ones Hc increases from 1.9 mT to 6 mT at 2.5%. The SAR for the two samples varies in the same way as Hc [see Fig. 3(c)]. Finally, it can be noted that MNBs-100 were also characterized within a viscous medium containing 5% of agarose concentration; their high-frequency hysteresis loop was exactly the same than for 2.5%

[see Fig. 3(d)].

DISCUSSION

In this part the origin of SAR variations as a function of agarose content is discussed. Because SAR variations are identical to Hc variations, for both types of MNBs, we will focus on Hc as main cause of SAR evolution. In our interpretation, which is summarized in Fig. 4, these variations result from changes in the MNB mobility and spatial organization. MNBs-200 follow two regimes: "chains" at low viscosity and "immobility" for high viscosity, while MNBs-100 "immobility" for high viscosity. These different regimes are discussed below. At high viscosity, for concentration larger than 2.5%, MNBs-200 and MNBs-100 can be considered as immobilized particles as their magnetic properties (magnetic susceptibility, coercive field and SAR) do not vary with an increase of viscosity. In a sense, at high viscosity, our measurements reveal the intrinsic properties of the beads. We interpret the fact that the MNBs-100 display a coercive field value larger than the MNBs-200 as resulting from the magnetic interactions between the MNPs inside the bead. Indeed, let us recall that the size of the MNPs inside the bead is quite small and that these particles, if they were measured individually, would certainly display a clear superparamagnetic behavior, with a null or negligible coercive field. The presence of a non-null coercive field is thus very likely to be extrinsic and to originate from the interactions between the MNPs, as shown in, for instance, Ref. [16]. For large volume concentrations as the ones of the clusters of MNPs inside the beads (see above), the coercive field decreases with the size of the beads, as illustrated in the Fig. 5(c) and Fig. 10 of Ref. [16]. Thus we interpret the decrease of coercive field in MNBs-200 compared to MNBs-100 as resulting from an increase of magnetic interactions in an assembly of compact superparamagnetic MNPs. This interpretation would also explain the lower value of magnetic susceptibility for MNBs-200, whatever the agarose content, than for MNBs-100.

At low viscosity, for agar concentration values below 0.2-0.5%, both MNBs-100 and MNBs-200 see their Hc and SAR values rise as the agarose concentration (i.e. the viscosity) decrease. This increase is also associated with a gain of magnetic susceptibility, which can be explained by the capacity of MNBs to form chains. Indeed, as explained in Refs. [17,18,19,20,21], when MNPs have the possibility to arrange themselves to form chains, the global magnetic susceptibility as well as the SAR value rise (see « Chains» in Fig. 4 for an illustration). An increase of Hc in randomly oriented MNPs arranged in chains has also been shown in Refs. [21,21]. Although one has to be cautious on this point, data seem to indicate a stronger effect of the chain formation on MNBs-100 than on MNBs-200. At least two phenomena could be at the origin of this effect: chains could be formed faster or could be more anisotropic once formed. Indeed, results from our group show that, in some cases, the time scale on which these chains form is of the order of minutes, even in low-viscosity solvents [22]. Here, hysteresis loop measurements were obtained 60 seconds after the field has been switched on; it is possible that the chains, especially for low viscosities, had not completely achieved their formation when the sample properties were measured: MNBs-200 being larger, it could be possible that their dynamic is slower.

Between 0.5% and 2.5% of agarose concentration, MNBs-100 specifically show a regime which is not observed in MNBs-200, and is illustrated as «partial rotations» in Fig. 4. This regime is characterized by a significant decrease of both SAR and coercive field, while the susceptibility increases slightly. We interpret this behavior as the sign that, in this intermediate range of viscosities, the MNBs have the possibility and time to rotate under the influence of the torque generated by the magnetic field application, and align their "global" anisotropy axes with the magnetic field, which is indeed expected to lead to a decrease of coercive field and an increase of susceptibility (see, e.g. Fig. 7 of Ref. [23]). Naturally, the lower the viscosity, the faster the partial rotation is expected to occur, and so the smaller the coercive field. The fact that this "partial rotations" regime is not observed for the MNBs-200 could come from their larger size, although it is not obvious to demonstrate it, since increasing the size of the bead increases at the same time the force acting to rotate the bead and the shear force. Finally, according to our model, increase the frequency of the magnetic field would influence the "partial rotation" regime by stopping MNBs motion for lower viscosity value. This would be consistent with the fact that the Brown relaxation becomes negligible face to Néel relaxation as frequency increases.

CONCLUSION

This study shows that the heating power of magnetic nanobeads greatly depends on the environment viscosity and on the size of the nanobeads. Different behaviors were observed on magnetic nanobead batches which only differ by their cluster size and hydrodynamic diameter. In particular, the MNBs-100 sample presented three different regimes, which have been interpreted using data from the literature. Both investigated nanobead batches experience a clear SAR drop for low viscosities. Then, as viscosity rises, the SAR of smaller nanobeads rises again whereas viscosity. As biological tissues are viscous environments, our observations confirm that SAR measurements carried out in water are not relevant when they are intended to biological applications.

Then, as far as the use of magnetic nanobeads in targeted intra-lysosomal hyperthermia is concerned, these results could prove very useful. Indeed, if lysosomal viscosity value is beyond the ones corresponding to the SAR drop, adjusting magnetic nanobead sizes so that they behave like the larger nanobeads batch could overcome the viscosity related issues so the heating power would no longer depend on the local viscosity values and on their variation once there are internalized inside the cells.
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 1 Fig.1: Description of MNBs used. (a) Schematic representation of MNBs, according to datasheet
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 2 Fig.2: High-frequency hysteresis loops measured on MNBs, for different values of agarose
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 3 Fig.3: Magnetic properties of MNBs, picked up or calculated from their high-frequency
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 4 Fig.4: Schematic of the different behaviors of MNBs-100 and MNBs-200 as a function of the