Claire Carvallo 
email: claire.carvallo@sorbonne-universite.fr
  
Anaïs Fondet 
  
Raphaël Le Fèvre 
  
Dario Taverna 
  
Yohan Guyodo 
  
Imène Chebbi 
  
Vincent Dupuis 
  
France Lagroix 
  
Malika Khelfallah 
  
Jean-Michel Guigner 
  
J.-M Guigner 
  
F Guyot 
  
E Alphandéry 
  
A Juhin 
  
Magnetic and structural properties of biogenic magnetic nanoparticles along their production process for use in magnetic hyperthermia

Keywords: FORC diagram, Magnetic hyperthermia, Magnetosomes, Magnetotactic bacteria, 40 Transmission Electron Microscopy

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

1-Introduction

The production and use of iron oxide nanoparticles (IONPs) in cancer treatment has been studied for the last twenty years with the goal of targeting tumors more accurately, thus avoiding damage to healthy cells of patients [START_REF] Alphandéry | Iron oxide nanoparticles for therapeutic applications[END_REF]. Treatment of cancer with IONPs can be achieved by magnetic hyperthermia by heating nanoparticles through the application of an alternating magnetic field to eradicate a tumor through localized moderate heating. IONPs are already commercialized for the treatment of iron deficiency anemia diseases [START_REF] Berny | A method for producing highly pure magnetosomes in large quantity for medical applications using magnetospirillum gryphiswaldense msr-1 magnetotactic bacteria amplified in minimal growth media[END_REF] and several types of cancers [START_REF] Alphandéry | Iron oxide nanoparticles for therapeutic applications[END_REF]. In terms of toxicity, IONPs are particularly attractive mostly because liver and kidneys easily eliminate them after completion of injection and treatment [START_REF] Alphandéry | Applications of magnetosomes synthesized by magnetotactic bacteria in medicine[END_REF].

Magnetosomes, which are synthesized by magnetotactic bacteria (MTB), appear to be at the most advanced stage of development among the different types of bio-synthesized IONPs (see [START_REF] Alphandéry | Applications of magnetosomes synthesized by magnetotactic bacteria in medicine[END_REF] for a review). In nature, MTB use magnetosomes as a "magnetic compass" guiding them in the direction of the Earth's magnetic field [START_REF] Blakemore | Magnetotactic bacteria[END_REF]. This capacity enables bacteria to orientate and find mediums in water that are best adapted to their needs. Magnetosomes present several interesting characteristics: particles have a homogeneous size distribution and uniform morphology [START_REF] Bazylinski | Magnetosome formation in prokaryotes[END_REF], they are composed of high crystallinity magnetite and/or maghemite [START_REF] Bazylinski | Magnetosome formation in prokaryotes[END_REF], and their magnetic moment is stable at room temperature [START_REF] Pan | Rock magnetic properties of uncultured magnetotactic bacteria[END_REF]. Moreover, biocompatible iron oxide magnetosomes are free of elements that are not compatible with medical treatment and injection in the body [START_REF] Sun | Biocompatibility of bacterial magnetosomes: acute toxicity, immunotoxicity and cytotoxicity[END_REF], and they can be produced in large quantities by cultivation in nontoxic growth medium [START_REF] Matsunaga | Mass culture of magnetic bacteria and their application to flow type immunoassays[END_REF]. The chain structure of the magnetosomes, which cannot be controlled accurately when using chemically synthesized IONPs, results in unique structural and magnetic properties of magnetosomes.

In this work, we characterize the magnetic and structural properties of MTB-derived IONPs at various stages of their production, i.e., from whole bacteria (Sample 1), extracted magnetosomes (Sample 2), purified magnetosomes (Sample 3), to coated magnetosomes with two different coating agents (Samples 4 and 5), as potential candidates for hyperthermia. The MTB used in this study are MSR-1 Magnetospirillum gryphiswaldense (referred to as MSR-1). The coating for the last two samples is necessary to make the magnetosomes biocompatible for cancer treatment [START_REF] Liu | Applications and potential toxicity of magnetic iron oxide nanoparticles[END_REF][START_REF] Malhotra | Potential toxicity of iron oxide magnetic nanoparticles: a review[END_REF]. Magnetosomes extracted from MSR-1 have been shown to be less toxic and more efficient than chemically synthesized nanoparticles coated with amino-silane used in nanomedicine [START_REF] Liu | Heating effect and biocompatibility of bacterial magnetosomes as potential materials used in magnetic fluid hyperthermia[END_REF] and are bio-compatible [START_REF] Sun | Biocompatibility of bacterial magnetosomes: acute toxicity, immunotoxicity and cytotoxicity[END_REF][START_REF] Qi | Cytotoxicity and genotoxicity of bacterial magnetosomes against human retinal pigment epithelium cells[END_REF][START_REF] Nan | A comprehensice assessment of the biocompatibility of Magnetospirillum gryphiswaldense MSR-1 bacterial magnetosomes in vitro and in vivo[END_REF]. Here, the coating agents were chosen based on their different effects on the arrangement of magnetosomes.

Transmission Electron Microscopy (TEM) and cryo-TEM observations were conducted to determine the distribution of magnetosome sizes and the structural organization of magnetosomes. Measurements of hysteresis curves and First-Order Reversal Curve (FORC) diagrams were performed at low temperature to identify the magnetic domain state of the magnetosomes, to provide insight into particle size distribution and spatial organization [START_REF] Day | Hysteresis Properties of Titanomagnetites: Grain-Size and Compositional Dependence[END_REF], [START_REF] Roberts | First-order reversal curve diagrams: A new tool for characterizing the magnetic properties of natural samples[END_REF], and to determine coercivity and magnetic interaction distribution, for which FORC diagrams are an ideal tool (see [START_REF] Roberts | Understanding fine magnetic particle systems through use of first-order reversal curve diagrams[END_REF] for a review). Finally, measurements of the Specific Absorption Rate (SAR) were performed for both coated magnetosome samples, in order to assess their heating capacities under the application of an alternating magnetic field.

Because we carry out (cryo-)TEM observations and FORC diagram measurements together, our study provides insight about the effect of magnetosome arrangement, which depends on the sample type, on the distribution of magnetic properties measured with FORC diagrams, in particular the marginal and vertical distributions. Finally, because FORC diagrams were measured at low temperature, we can also assess the effect of fieldcooled/zero-field-cooled treatment on the FORC diagrams and obtain information about the anisotropy of the two distributions derived from FORC diagrams. Such low-temperature FORC measurements on samples in solution are seldom carried out.

2-Experimental method

Sample synthesis

Five samples were studied in the present work, all of them produced by the Nanobacterie Company. They were collected at the five different steps of the typical production process for cancer treatment applications of magnetosomes, each sample corresponding to a different step. The five samples are as follows:

-Sample 1: MSR-1 bacteria, in their culture medium, at a concentration of 4.10 9 cells/mL.

-Sample 2: magnetosomes extracted from bacteria through lysis, by placing bacteria in a basic medium composed of KOH and heating to 90 °C. Magnetosomes were subsequently collected with a magnet and put in water. The concentration was 50 mg of Fe/mL.

-Sample 3: purified magnetosomes, heated in air to 380 °C. Most biological material is thus removed from the magnetosomes, though there could be some phosphate residues. The concentration was also 50 mg of Fe/mL.

-Sample 4: magnetosomes coated with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), which is a bitailed phospholipid. It is a bio-compatible molecule and therefore bio-applied. The concentration was 25 mg of Fe/mL.

-Sample 5: magnetosomes coated with and 2-Hydroxypropane-1,2,3-tricarboxylic acid (citric acid, CA). The concentration was also 25 mg of Fe/mL. Culture of MTB in 7.5L fermenter, extraction, and purification of magnetosomes were performed as described in [START_REF] Nguyen | Non-pyrogenic highly pure magnetosomes for efficient hyperthermia treatment of prostate cancer[END_REF]. Iron concentrations were determined with a colorimetric dosage with a 5% precision [START_REF] Mandawala | Biocompatible and stable magnetosome minerals coated with poly-l-lysine, citric acid, oleic acid, and carboxy-methyl-dextran for application in the magnetic hyperthermia treatment of tumors[END_REF]. The coating for the last two samples is a necessary condition, both to stabilize magnetosomes in water and to make them compatible with injection in a patient's body for cancer treatment. Coating in citric acid (CA) favors the formation of chains because it is a triacid that enables the complexation of Fe with several magnetosomes, leading to a chain-like structure [START_REF] Mandawala | Biocompatible and stable magnetosome minerals coated with poly-l-lysine, citric acid, oleic acid, and carboxy-methyl-dextran for application in the magnetic hyperthermia treatment of tumors[END_REF], [START_REF] Alphandéry | Apyrogenic preparation containing nanoparticles synthesized by magnetotactic bacteria for medical or cosmetic applications[END_REF]. On the contrary, 1,2-dioleoyl-snglycero-3-phosphocholine (DOPC) coating favors interactions between phosphate groups of the coating and Fe oxide, leading to a nano-micelle type structure [START_REF] Groult | Phosphatidylcholine-Coated Iron Oxide Nanomicelles for In Vivo Prolonged Circulation Time with an Antibiofouling Protein Corona[END_REF]. Moreover, the proportion of DOPC at the surface of purified magnetosomes is not sufficient to induce hydrophobicity in the nanoparticle suspension. Therefore, these coated magnetosomes are not soluble but behave as a stable suspension. Sample 1 was stored at -80°C in a freezer while the other four samples were stored at 4°C in a cold room.

TEM and cryo-TEM observations

TEM and cryo-TEM observations were carried out at IMPMC in order to characterize magnetosomes and their organization within the different samples. Cryo-TEM in particular allows preserving the integrity of bacteria as well as the organization of nanoparticles, since it does not require drying the sample on a TEM grid. Standard TEM observations were realized with a Jeol 2100F equipped with a Schotky FEG gun, and cryo-TEM observations with a Jeol 2100, equipped with a LaB6 gun.

For Sample 1 preparation observed with standard TEM, the sample was diluted 400 times, the solution was centrifuged 10 min at 14500 rpm. The supernatant was removed, replaced by deionized water, and centrifugation and change of supernatant was re-iterated a second time.

This was done to remove the culture medium which can alter the observation on the TEMgrid once dried. 2.5 μL of the obtained solution was deposited on an ionized TEM grid, and dried for 24 hours at room temperature. For Samples 2 and 3, diluted solutions at a concentration of 100 μg of Fe/mL were deposited on aTEM-grid and dried for 24 hours at room temperature.

For cryo-TEM images, a 5 μL drop of the initial sample solution was deposited on "Quantifoil"® (Quantifoil Micro Tools GmbH, Germany) carbon membrane grids. The excess of liquid on the grid was absorbed with a filter paper and the grid was quench-frozen quickly in liquid ethane to form a thin vitreous ice film using an homemade mechanical cryo plonger. Once placed in a Gatan 626 cryo-holder cooled with liquid nitrogen, the samples were transferred in the microscope and observed at low temperature (-180 °C). Cryo-TEM images were recorded on ultrascan 1000, 2k x 2k pixels CCD camera (Gatan, USA), using a LaB 6 JEOL JEM2100 (JEOL, Japan) cryo microscope operating at 200kV with a JEOL low dose system (Minimum Dose System, MDS, JEOL, Japan) to protect the thin ice film from any irradiation before imaging and reduce the irradiation during the image capture.

2.3.Magnetic measurements

Hysteresis loops-Hysteresis loops were measured with a Physical Properties Measurement

System (PPMS) coupled with a Vibrating Sample Magnetometer (VSM) at the Lowtemperature Physical Measurements Platform of Sorbonne Université. Hysteresis loops were measured from -3T to 3T. Samples 4 and 5 were measured in solution, Sample 3 as a powder because of its tendency to sediment very quickly when dispersed in solution, and Sample 2 both in solution and as a powder. Sample 1 was not measured because its magnetization was expected to be too weak. Temperature was varied between 5 and 300 K except for Samples 2 and 3 as powders that were measured both at 10 and 300 K. Samples were weighted and magnetizations were normalized to mass.

FORC diagrams -FORC diagrams allow a qualitative characterization of the magnetic domain structure and magnetostatic interactions, by measuring a set of partial hysteresis curves that originate from the descending branch of the hysteresis loop [START_REF] Roberts | First-order reversal curve diagrams: A new tool for characterizing the magnetic properties of natural samples[END_REF], [START_REF] Pike | Characterizing interactions in fine magnetic particle systems using first order reversal curves[END_REF]. FORC diagrams were measured with a magnetometer (µ-VSM) equipped with a cryostat from Princeton Measurements Corporation at the IPGP-IMPMC Mineral Magnetism Analytical Facility. For stable single domain (SSD) particles with weak interactions, the FORC distribution along the vertical axis can be interpreted as the distribution of the particle interaction fields, and the marginal FORC distribution, which corresponds to the total magnetic contribution of all particles with a given switching field, as the coercivity distribution of the system [START_REF] Egli | Theoretical aspects of dipolar interactions and their appearance in first-order reversal curves of thermally activated single-domain particles[END_REF].

FORC diagrams were each calculated from 130 individual FORCs measured with a field step of 2 mT, at a temperature of 50 K, and with an averaging time of 0.2 s. The measurement time for each FORC diagram was about one hour. The temperature of 50 K was chosen in order for the results to be comparable with results from cryo-TEM and hysteresis. They were subsequently analysed with the Forcinel software [START_REF] Harrison | FORCinel: An improved algorithm for calculating first-order reversal curve distributions using locally weighted regression smoothing[END_REF], with a variable smoothing factor [START_REF] Egli | VARIFORC: An optimized protocol for calculating non-regular first-order reversal curve (FORC) diagrams[END_REF].

The variable smoothing considerably reduces the noise levels by applying larger smoothing factors to the background, while preserving the areas along the axes with relatively small smoothing factors.

For each of the five samples, three FORC diagrams were measured. First, solutions containing 20 µL of each magnetosome sample was prepared and enclosed in a polycarbonate gelcap and placed between the coils. The sample was cooled in zero-field to 50 K, and a first FORC diagram was measured (ZFC measurement). Then, the sample was re-heated to room temperature, and cooled in a field of 0.5 T back to 50 K. A second FORC diagram was measured (FC measurement). Finally, the VSM head, to which the sample is attached, was turned by 90° and a third FORC diagram was measured (FC90 measurement).

2.4.Hyperthermia measurements

Hyperthermia measurements are used to gain information about the heating power of a sample, i.e. the ability of the sample to release heat when submitted to an alternating magnetic field (AMF). It is an important measurement to evaluate the efficiency of a sample in potential cancer treatment. Temperature is acquired as a function of time, during the application of an AMF, until an equilibrium temperature is reached (about 15 min). The SAR is then calculated using the slope of the curve T(t) at the origin, as: with the iron concentration of the sample and c water the heat capacity of water in J.L -1 .K -1 , and SAR expressed in W/g.

The AMF was set at 31 mT with a frequency of 198 kHz. Hyperthermia was only measured on the two coated samples (Samples 4 and 5) potentially used for cancer treatment, and for three different concentrations of each sample (2.5, 5 and 10 mg(Fe)/mL) in order to track a possible concentration dependence of SAR. The temperature measurements within the sample were conducted in triplicates. The median and standard deviation for each point of the T(t) curves was used to obtain minimum, median and maximum SAR values.

3-Results

3.1.Structural organization of magnetosomes from TEM and cryo-TEM

Samples 1, 4 and 5 were successfully observed with cryo-TEM, while Samples 2 and 3 were observed with standard TEM, as extracted uncoated magnetosomes tend to aggregate too rapidly during cryo-TEM grid preparation, and the resulting large clusters of particles are not suitable to the scope of studying their self-organization by cryo-TEM. Sample 1 was also observed with standard TEM.

Chains of magnetosomes are clearly visible in Sample 1 under standard TEM (Fig. 1a) and cryo-TEM (Fig. 1b). However, bacteria tend to aggregate more on standard TEM grids, and Sample 3 is composed of purified magnetosomes, i.e. magnetosomes removed from their original organic membrane. Magnetosomes in this sample have a mean particle size of 35.1 nm (standard deviation of 5.4 nm). This particle size is similar to that in Sample 2, although there are more particles in the 34-38 nm range in Sample 3 than in Sample 2 (60% vs. 55%) (Fig. A-1c). TEM images show that particles are more likely to form agglomerates (Fig. 2c,d), which was expected since magnetic interactions are now dominant and cause the magnetosomes to be mechanically unstable in solution. We also observe less particles with a diameter <20 nm in Samples 2 and 3 than in Sample 1: these particles represent 7.8% of particles in Sample 1, but only 4 % in Sample 2 and 3.9 % in Sample 3. 

3.2.Magnetic hysteresis curves

Hysteresis loops (Fig. 4a-d) show that, regardless of temperature, magnetization is saturated in an applied magnetic field of 2 T for all samples. Hysteresis loops for Samples 4 and 5 close progressively when temperature is increased from 5 to 250 K, and close more sharply above 250 K to room temperature. For Sample 2 (Fig. 4a), blocking seems to begin at lower temperatures than for Samples 4 and 5. The variation of bulk coercivity (H c ) and the ratio of remanent magnetization over saturation magnetization (M r /M s ) reflect this behavior (Fig. 4 e,f): when temperature is increased, both H c and M r /M s decrease. H c then drops sharply at room temperature (when measured). There is no evidence of a drop around 120 K, therefore no evidence of a Verwey transition in any of the samples. The presence of maghemite rather than magnetite is further confirmed by the value of saturation magnetization of Sample 2 (as a powder, Fig. SI-2) measured as 75.87 Am 2 /kg at room temperature; a value that is close to the known value of maghemite (74.3 Am 2 /kg [START_REF] Dunlop | Rock Magnetism, Fundamental and Frontiers[END_REF]). Moreover, heating curves of field-cooled and zero-field cooled Saturation Isothermal Remanant Magnetization (SIRM) acquired at 10 K in a 2.5T field on samples prepared identically to Samples 2 and 3 show that the Verwey transition is not visible in heated extracted magnetosomes as well as in purified magnetosomes [START_REF] Lagroix | The below 50K quadrature magnetic susceptibility anomaly in magnetite : what can we learn from magnetotactic bacteria[END_REF] (Fig. A-3). 

3.3.Distribution of magnetic properties from FORC diagrams

The FORC diagrams measured for the five samples in the three different configurations (ZFC, FC and FC90 (see caption of Fig. 5 for the meaning of acronyms)) are shown in Fig. 5. They are all plotted on the same (H c , H u ) scale and with the same smoothing parameters. In the ZFC configuration (i.e., the usual configuration when measuring FORC diagrams), the FORC diagram measured for Sample 1 (Fig. 5a) is typical of MTB (e.g., [START_REF] Egli | Detection of noninteracting single domain particles using first-order reversal curve diagrams[END_REF]). The extended coercivity distribution between 40 and 100 mT and the very narrow contours along the vertical axis are expected for weakly interacting single domain magnetite particles. Samples 2 and 3 (Fig. 5d,g) show FORC diagrams with a "teardrop" shape typical of strongly interacting systems (e.g., [START_REF] Egli | Theoretical aspects of dipolar interactions and their appearance in first-order reversal curves of thermally activated single-domain particles[END_REF], [START_REF] Evans | Magnetostatic interactions in a natural magnetite-ulvöspinel system[END_REF]). This shape is still visible on the FORC diagram of Sample 4 (Fig. 5j), while contours for Sample 5 have a more elliptical shape intermediate between those of Sample 1 and Sample 2 (Fig. 5m). These differences in coercivity distribution are reflected on the marginal distribution (Fig. 6a): Sample 1 has the largest coercivity distribution that is also centered on the highest coercivity value, while the coercivity distribution for Sample 2 is shifted towards lower values. The vertical profile across the maximum of the FORC distribution (Fig. 6b), which is often used as a rough estimate of the amount of magnetic interactions, is widest for Samples 3, and narrower for Samples 1 and 5. 

3.4.Hyperthermia measurements

Hyperthermia measurements were carried out on three different concentrations of Samples 4 and 5. The heating temperature after 850 s, for both samples, increases with sample concentration (Fig. 7). For each of the three concentrations, the heating temperature is higher for Sample 5 (coated with CA) than for Sample 4 (coated with DOPC). Sample 5 reaches a temperature of 74°C for a concentration of 2.5 mg(Fe)/mL, 97°C for 5 mg(Fe)/mL and 100°C for 10 mg(Fe)/mL. Sample 4 reaches only 36.4°C for a concentration of 2.5 mg(Fe)/mL, 47.5

°C for 5 mg(Fe)/mL and 66.5°C for 10 mg(Fe)/mL. Consistently, the calculated SAR values are higher for Sample 5 than for Sample 4, regardless of sample concentration. For Sample 4, the SAR decreases with increasing concentration, while no similar trend is observed for Sample 5, even though the SAR values differ for the different concentrations. 

4-Discussion

The various observations and measurements presented in this study allow to finely characterize the structural and magnetic properties of magnetosomes through the whole process of transformation from MSR-1 raw MTB to coated magnetosomes that could be potentially used for cancer treatment. Because FORC diagrams strongly depend on the arrangement of individual particles in a sample, we can also observe the effects of these structural properties on the FORC features. However, it should be kept in mind that samples observed in cryo-TEM are prepared in a substrate in 2D configuration while for magnetic measurements the sample is prepared in a 3D configuration.

4.1.Comparison of structural and magnetic properties between samples

The structural particle organization determined from (cryo-)TEM images agrees well with the evolution of magnetic properties measured in FORC diagrams. Magnetosomes in Sample 1 are organized in chains, each chain being (in most images) isolated in a bacteria cell. This is consistent with the small amount of interactions inferred from the narrow FORC vertical profile (Fig. 6b). The strong shape anisotropy due to the chain organization is responsible for the high coercivities observed on the marginal coercivity distribution (Fig. 6a).

In Sample 2, magnetosomes aggregate in clusters (Fig. 2a,b), which is reflected in the FORC distribution that widens in the vertical direction due to increased magnetic interactions between magnetosomes. The whole coercivity distribution is shifted towards lower coercivities as a result of the partial collapse of the chains. This trend continues for Sample 3 for which clusters are even denser and magnetic interactions are stronger than for Sample 2.

Both coated samples (Samples 4 and 5) show less magnetic interactions than extracted (Sample 2) and purified (Sample 3) magnetosomes. Indeed, Sample 5 is characterized by a narrow vertical FORC profile, which is consistent with the ring arrangement of magnetosomes that was observed with cryo-TEM (Fig. 3 c,d). However, for Sample 4 (coated with DOPC) TEM images show highly clustered magnetosomes for which we would expect strong magnetic interactions, which is not consistent with the small amount of spreading of the FORC diagram along the vertical axis. A possible interpretation is that the DOPC coating may help reduce interactions even though magnetosomes are clustered. This result could also be explained by the relative instability of the DOPC coating with time at room temperature:

although we expected DOPC coated samples to arrange in chains, we did not observe such an organization on cryo-TEM images, which seems to indicate that the coating and thus the organization of magnetosomes has been altered when exposed to room temperature. Citric acid appears to be a more stable coating, which prevents particles to agglomerate. Moreover, we envision that the organization of CA-coated magnetosomes may depend on the thickness of coating, which would deserve more investigation in a future work.

4.2.Anisotropy of magnetic interactions

For samples in solution, measurements of informative FORC diagrams can only be performed at temperatures below the freezing point of water. However, it is possible to orientate the magnetic moments of particles by applying a magnetic field before the sample is frozen. By comparing FORC diagrams measured after field cooling, either with a magnetic field kept in the same initial direction (FC) or in a perpendicular direction to the initial (FC90), the anisotropy of magnetic interactions, which is connected to the anisotropy of particle organization, can be further investigated.

Because magnetosomes tend to form linear chains when a magnetic field is applied, their collective behavior is similar to that of a collection of elongated particles for which shape anisotropy dominates. In the FC configuration, all chains are oriented in the direction of the field applied during the FORC measurement. The field is therefore applied along the easy magnetization axis. As a consequence, during FORC measurement, individual magnetic moments tend to switch direction for a field range that is narrower than in the ZFC configuration (Fig. 8a,b) resulting in hysteresis and partial hysteresis curves to have a more squared shape and causing FORC diagram contours to be less extended both vertically and horizontally. By contrast, the FC90 configuration is equivalent to a measurement along the hard magnetization axis leading to magnetic moments switching over a large range of fields (Fig. 8c). Thus, hysteresis and partial hysteresis loops are more irreversible, and the FORC diagrams cover a larger surface. The ZFC FORC diagrams have shapes intermediate between the FC and the FC90 shapes. These results are fully consistent with the FORC diagrams measured in ZFC, FC and FC90 configurations by [START_REF] Vargas | Magnetization analysis of oriented chains of hexagonal cobalt nanoplates[END_REF] on oriented chains of hexagonal cobalt nanoplates for which the easy axis was also aligned with the chain direction. These results can be further quantified by comparing the Full Width at Half Maximum (FWHM) of the marginal distribution (Fig. 8d, and Table 1). The marginal distribution FWHM of the five samples is lowest in the FC configuration and highest in the FC90 configuration. The same trend is found for the FWHM of the vertical distribution (Fig. 8e, and based on the chain (Sample 5) versus cluster (Sample 4) configuration. This is consistent with the results of [START_REF] Alphandéry | Chains of magnetosomes extracted from AMB-1 magnetotactic bacteria for application in alternative magnetic field cancer therapy[END_REF] and [START_REF] Martinez-Boubeta | Learning from nature to improve the heat generation of iron-oxide nanoparticles for magnetic hyperthermia applications[END_REF], in which the chain structure is shown to increase the SAR. This is also consistent with the fact that CA is a triacid, which allows the complexation of Fe with several magnetosomes, and therefore the re-formation of a chain-like structure [START_REF] Nan | A comprehensice assessment of the biocompatibility of Magnetospirillum gryphiswaldense MSR-1 bacterial magnetosomes in vitro and in vivo[END_REF].

Our SAR values can also be compared with the SAR value of 217 W/g measured in a

previous study on extracted magnetosomes produced in similar conditions as Sample 2 and measured with parameters identical to those used in this study (Le Fèvre, unpublished data).

This value is intermediate between the SAR of the mostly unchained DOPC-coated magnetosomes and that of the partially chained CA-coated magnetosomes. As magnetosomes in Sample 2 are partially organized in chains, this is also consistent with the increase of SAR with chain structure.

5-Conclusion

The evolution of structural properties of magnetosomes across the production steps are consistent with the evolution of their magnetic properties and can be summarized as below:

1 Magnetosomes in MSR-1 bacteria are arranged in chains. The magnetic properties are typical of stable single domain particles forming chains;

2 After extraction, magnetosomes tend to form clusters, but some chains remain.

Extracted and heated magnetosomes are composed of maghemite. The coercivity decreases, and magnetostatic interactions increase. identify chains. Magnetostatic interactions increase with respect to extracted magnetosomes.

4 Magnetosomes coated with DOPC remain organized in clusters. This coating is not stable with respect to time and temperature. Magnetostatic interactions are comparable to those of extracted magnetosomes.

5 Magnetosomes coated with CA tend to form chains arranged in rings. The ability of particles to organize in larger structures has been recovered in this sample and magnetic properties show similarities with those observed in bacteria. The CA-coated sample displays enhanced hyperthermia properties compared to the DOPC-coated magnetosomes and therefore is more interesting for biomedical applications.

Lastly, differences in FORC diagrams acquired after zero-field cooling, field cooling coaxially to the measuring field and perpendicularly to the measuring field can be interpreted as partly resulting from the configuration of magnetosomes, whether chains are formed or not.

Therefore, such measurements have the potential to help quantify the ability of magnetic particles to form chains, a critical characteristic in biological applications. 

  their boundaries are difficult to identify with the image contrast. Double chains were sometimes observed within individual bacteria. The length of chains ranges from 122 nm to 1.5 µm, with a mean length of 624 nm. They are composed on average of 14 magnetosomes (Fig.A-1a, f, g). Magnetosome shapes vary from rounded to cubic and cuboctahedral. Following a rounded shape approximation for all particles, magnetosomes have a mean diameter of 34.6 nm, with a standard deviation of 6.9 nm. The interparticle distance is 11.2 ± 4.2 nm. Sample 2 consists of extracted magnetosomes, arranged in chains and agglomerates of particles (Fig.2a, b). Chains are attached to clusters of particles, at least at one end. The length of chains ranges from 200 nm to 1.6 µm, with an average length of 678 nm, and are composed of 18.4 magnetosomes on average (Fig.A-1b, h). Individual magnetosomes have a mean diameter of 35.1 nm (standard deviation of 5.6 nm).

Fig. 1 :

 1 Fig. 1: TEM (panel a) and cryo-TEM (panel b) images of Sample 1.

Fig. 2 :

 2 Fig. 2: TEM images of Sample 2 (panels a, b) and Sample 3 (panels c, d).

Fig. 3 :

 3 Fig. 3: cryo-TEM images of Sample 4 (panels a, b) and Sample 5 (panels c, d).

Fig. 4 :

 4 Fig. 4: Magnetization curves measured for Samples 2 (panel a), 3 (panel b), 4 (panel c) and 5

Fig. 5 :

 5 Fig. 5: FORC diagrams measured for Sample 1 (a, b, c), Sample 2 (d, e, f), Sample 3 (g, h, i);

Fig. 6 :

 6 Fig. 6: a. Marginal coercivity distribution for the five samples in ZFC configuration. b.

Fig. 7 :

 7 Fig. 7: Hyperthermia measurements of temperature (T) as a function of time (t) for Sample 4

Figure 8 :

 8 Figure 8: FORCs measured on Sample 5. a: ZFC; b: FC; c: FC90 configurations. d: Marginal

Figure A- 2 :

 2 Figure A-2: Magnetization curves measured for Samples 2 as a powder at 10 K (green curve)

Figure A- 3 :

 3 Figure A-3: Heating curve of SIRM acquired at 10 K in a 2.5 T field (Le Fèvre, unpublished

  

Table 1 )

 1 , except for Sample 4, for which the ZFC FWHM is slightly higher than the FC90 FWHM. The difference in FWHM values is more striking for samples forming chains, i.e.,

	Samples 1, 2 and 5. This could be used as a mean of quantifying the amount of chains
	compared to the amount of individual particles, though further work would be needed to
	investigate this effect.

Table 1 :

 1 Values of H c (horizontal) and H u (vertical) fields for which the FORC distribution is maximum; Full Width at Half Maximum (FWHM) of the marginal coercivity distributions and the vertical field distributions, for all the measured FORC diagrams. As shown by TEM observations, magnetosomes are arranged in chains forming rings in Sample 5, while there is no such organization in Sample 4. FORC diagrams, and especially the vertical FORC profiles indicate that magnetostatic interactions are weaker in Sample 5 than in Sample 4, which is expected

	Sample FC/ZFC/FC90 H c max (T) H u max (T) FWHM marginal (T) FWHM vertical (T)
	1 ZFC	0.067	0.000	0.045	0.011
	FC	0.060	0.000	0.040	0.008
	FC90	0.064	-0.001	0.056	0.016
	2 ZFC	0.025	-0.001	0.036	0.026
	FC	0.020	-0.001	0.030	0.023
	FC90	0.024	-0.001	0.039	0.031
	3 ZFC	0.035	0.000	0.045	0.039
	FC	0.032	-0.002	0.038	0.024
	FC90	0.032	-0.001	0.052	0.052
	4 ZFC	0.038	0.000	0.047	0.029
	FC	0.036	-0.001	0.037	0.017
	FC90	0.040	-0.002	0.047	0.024
	5 ZFC	0.035	-0.004	0.036	0.017
	FC	0.034	-0.002	0.023	0.009
	FC90	0.042	-0.002	0.052	0.024
	4.3.Application to cancer treatment			
	According to hyperthermia measurements, Sample 5 (coated with CA) presents better

hyperthermia properties than Sample 4 (coated with DOPC). The SAR and the heating temperature are higher for Sample 5 than for Sample 4.

After purification, magnetosomes form clusters of particles, and it is more difficult to
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