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Various living organisms, such as bacteria, plants, and animals can synthesize iron oxide nanoparticles (IONP). The mechanism of nanoparticle (NP) formation is usually described as relying on the reduction of ferric/ferrous iron ions into crystallized nanoparticulate iron that is surrounded by an organic stabilizing layer. The properties of these NP are characterized by a composition made of different types of iron oxide whose most stable and purest one is maghemite, by a size comprised between 5 and 380 nm, by a crystalline core, by a surface charge which depends on the nature of the material coating the iron oxide, and by certain other properties such as a sterility, stability, production in mass, absence of aggregation, that have only been studied in details for IONP synthesized by magnetotactic bacteria, called magnetosomes. In the majority of studies, bio-synthesized IONP are described as being biocompatible and as not inducing cytotoxicity towards healthy cells. Anti-tumor activity of bio-synthesized IONP has mainly been demonstrated in vitro, where this type of NP displayed cytotoxicity towards certain tumor cells, e.g. through the anti-tumor activity of IONP coating or through IONP anti-oxidizing property.

Concerning in vivo anti-tumor activity, it was essentially highlighted for magnetosomes administered in different types of glioblastoma tumors (U87-Luc and GL-261), which were exposed to a series of alternating magnetic field applications, resulting in mild hyperthermia treatments at 41-45 °C, leading to the full tumor disappearance without any observable side effects.

INTRODUCTION

Nanoparticles (NP) have raised a surge of interest in the field of cancer, leading to the development of various technologies, such as the irradiation of NP located in tumors by X-rays, [START_REF] Li | Gram-scale synthesis of highly biocompatible and intravenous injectable hafnium oxide nanocrystal with enhanced radiotherapy efficacy for cancer theranostic[END_REF], the specific delivery or targeting of drugs in the tumor using drugs associated with IONP, [START_REF] Alphandéry | Biodistribution and targeting properties of iron oxide nanoparticles for treatments of cancer and iron anemia disease[END_REF], the heating of nanoparticles under the application of an alternating magnetic field to eradicate a tumor through localized moderate heating, [START_REF] Maier-Hauff | Intracranial thermotherapy using magnetic nanoparticles combined with external beam radiotherapy: Results of a feasibility study on patients with glioblastoma multiforme[END_REF]. Among the different types of nanoparticles, iron oxide nanoparticles (IONP) are particularly attractive because of their biocompatibility and their proven efficacy for the treatment of iron anemia diseases, (2), and cancer using magnetic hyperthermia (MHT), [START_REF] Maier-Hauff | Intracranial thermotherapy using magnetic nanoparticles combined with external beam radiotherapy: Results of a feasibility study on patients with glioblastoma multiforme[END_REF][START_REF] Maier-Hauff | Efficacy and safety of intratumoral thermotherapy using magnetic iron-oxide nanoparticles combined with external beam radiotherapy on patients with recurrent glioblastoma multiforme[END_REF]. However, the majority of chemical syntheses use toxic products, [START_REF] Nagajyothi | In vitro anticancer potential of BaCO3 nanoparticles synthesized via green route[END_REF], which may end up as trace elements in the final IONP formulation. To overcome this hurdle, it has recently been proposed to use natural manufacturing methods to biosynthesize IONP, using certain organisms such as bacteria, [START_REF] Ovais | Biosynthesis of Metal Nanoparticles via Microbial Enzymes: A Mechanistic Approach[END_REF], plants, [START_REF] Siddiqi | Biogenic Fabrication of Iron/Iron Oxide Nanoparticles and Their Application[END_REF], yeast, fungi, [START_REF] Moghaddam | Nanoparticles Biosynthesized by Fungi and Yeast: A Review of Their Preparation, Properties, and Medical Applications[END_REF], seaweeds, [START_REF] El-Kassas | Green synthesis of iron oxide (Fe3O4) nanoparticles using two selected brown seaweeds: Characterization and application for lead bioremediation[END_REF], or some of their enzymes or proteins, which often play a central role in the reduction of ferrous/ferric iron ions into crystallized nano-particulate iron, [START_REF] Khandel | Mycogenic nanoparticles and their bio-prospective applications: current status and future challenges[END_REF][START_REF] Prozorov | Protein-Mediated Synthesis of Uniform Superparamagnetic Magnetite Nanocrystals[END_REF][START_REF] Shipunova | Self-assembling nanoparticles biofunctionalized with magnetite-binding protein for the targeted delivery to HER2/neu overexpressing cancer cells[END_REF][START_REF] Tanaka | MMS6 Protein Regulates Crystal Morphology during Nano-sized Magnetite Biomineralization in Vivo[END_REF][START_REF] Valverde-Tercedor | Size control of in vitro synthesized magnetite crystals by the MamC protein of Magnetococcus marinus strain MC-1[END_REF]., This article reviews the different modes of IONP bio-synthesis, the physicochemical properties, the bio-compatibility, as well as the anti-tumor properties of these IONP. Magnetosomes, which are synthesized by magnetotactic bacteria (MTB), appear to be at the most advanced stage of development among the different types of biosynthesized IONP, allowing foreseeing their use as anti-cancer agents. Indeed, a magnetosome manufacturing method has been developed, which relies on the following well-established steps: i) amplification of MTB, ii) extraction of magnetosomes from MTB, purification of magnetosome minerals to remove organic/pyrogenic/immunogenic material, and iii) stabilization of these purified minerals with different synthetic coatings. This process yields magnetosomes with properties that are compatible with their use for cancer treatment, i.e.: i) a sufficient nanoparticle production yield (NPY), i.e. NPY  10 mg of magnetosomes per liter of growth medium, [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], ii) a very high purity, i.e. these magnetosomes are composed of 99.8% of iron relatively to other metals, [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] iii) a very good crystallinity, iv) a stable composition of maghemite, [START_REF] Alphandéry | Difference between the Magnetic Properties of the Magnetotactic Bacteria and Those of the Extracted Magnetosomes: Influence of the Distance between the Chains of Magnetosomes[END_REF], v) an arrangement in chains, [START_REF] Mandawala | Biocompatible and stable magnetosome minerals coated 1 with poly-L-lysine, citric acid, oleic acid, and carboxy-2 methyl-dextran, for application in the magnetic 3 hyperthermia treatment of tumors[END_REF][START_REF] Hamdous | Biocompatible coated magnetosome minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells in the presence of an alternating magnetic field[END_REF], and v) a sterility or non-pyrogenicity, [START_REF] Mandawala | Biocompatible and stable magnetosome minerals coated 1 with poly-L-lysine, citric acid, oleic acid, and carboxy-2 methyl-dextran, for application in the magnetic 3 hyperthermia treatment of tumors[END_REF][START_REF] Hamdous | Biocompatible coated magnetosome minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells in the presence of an alternating magnetic field[END_REF]. Furthermore, magnetosomes were shown to display excellent anti-tumor activity when they were administered in intracranial U87-Luc human GBM tumors or in subcutaneous GL-261 murine GBM tumors and exposed to several sessions of application of an alternating magnetic field, leading to the complete disappearance of these tumors, [START_REF] Alphandéry | Chains of magnetosomes with controlled endotoxin release and partial tumor occupation induce full destruction of intracranial U87-Luc glioma in mice under the application of an alternating magnetic field[END_REF][START_REF] Alphandéry | Development of nonpyrogenic magnetosome minerals coated with poly-l-lysine leading to full disappearance of intracranial U87-Luc glioblastoma in 100% of treated mice using magnetic hyperthermia[END_REF][START_REF] Fèvre | Enhanced antitumor efficacy of biocompatible magnetosomes for the magnetic hyperthermia treatment of glioblastoma[END_REF].

I.

Different methods of iron oxide nanoparticle bio-synthesis.

IONP can first be synthesized intracellularly by specific bacteria, which are called magnetotactic bacteria (MTB). For that, MTB cytoplasmic membrane is invaginated, resulting in the formation of intracellular vesicles in which extracellular ferric/ferrous iron ions have diffused, further leading to the nucleation of magnetite crystals, called magnetosomes. The whole process of magnetosome formation is controlled by specific mam (magnetosome membrane) or mms (magnetic particle membrane specific) genes and their associated proteins, [START_REF] Bazylinski | Magnetosome formation in prokaryotes[END_REF]. Magnetosomes, which are well-crystallized mono-domain crystals with ferrimagnetic magnetic properties and an arrangement in chains inside MTB, yield an efficient coupling between their magnetic moment and the external earth magnetic field, hence enabling MTB to swim in the direction of the earth magnetic field, through a mechanism called magnetotaxis. Most MTB can't be used for biotechnological applications, either because their growth conditions are not well established or because they produce a too small quantity of magnetosomes. To the author knowledge, only one species of MTB, which is called MSR-1 Magnetospirillum gryphiswaldense, can produce magnetosomes in large quantities, i.e.  10 mg/liter, using a two steps method in which MTB are first pre-amplified in an iron depleted growth medium and are then grown in iron-rich conditions to produce magnetosomes in mass, [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]. Furthermore, a recent study has shown the possibility to follow this two steps method using minimal growth media not containing any toxic products such as CMR chemicals, heavy metals, or products originating from microorganisms (yeast extracts), paving the way towards the use of MSR-1 MTB for biotechnological applications, [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]. Secondly, IONP can be synthesized outside of certain types of bacteria such as Geobacter sulfurreducens or actinomycetes MS-2, [START_REF] Byrne | Scale-up of the production of highly reactive biogenic magnetite nanoparticles using Geobacter sulfurreducens[END_REF]. A typical protocol consists in growing these bacteria during several days and then adding to the bacterial suspension or its supernate a source of iron III, which is further reduced into iron II, resulting in the formation of nano-minerals of various phases, i.e. essentially magnetite, goethite, hematite, siderite or vivianite. In this case, the mechanisms of nanoparticle formation most probably involve specific enzymes localized outside of these bacteria, which are responsible for the reduction reactions, although such mechanisms are not described in details in the literature, [START_REF] Byrne | Scale-up of the production of highly reactive biogenic magnetite nanoparticles using Geobacter sulfurreducens[END_REF][START_REF] Fatemi | Extracellular biosynthesis of magnetic iron oxide nanoparticles by Bacillus cereus strain HMH1: Characterization and in vitro cytotoxicity analysis on MCF-7 and 3T3 cell lines[END_REF][START_REF] Jacob | Facile aerobic construction of iron based ferromagnetic nanostructures by a novel microbial nanofactory isolated from tropical freshwater wetlands[END_REF]. Thirdly, IONP bacterial synthesis can also occur at the surface of certain bacteria such as K. oxytoca or Staphylococcus warneri, which synthesize biogenic polysaccharideiron hydrogel nanoparticles, known as Fe (III)-exopolysaccharide (Fe-EPS) through the reduction of ferric citrate under anaerobic conditions, [START_REF] Kianpour | Physicochemical and biological characteristics of the nanostructured polysaccharide-iron hydrogel produced by microorganism Klebsiella oxytoca[END_REF][START_REF] Kianpour | Structural characterization of polysaccharide-coated iron oxide nanoparticles produced by Staphylococcus warneri, isolated from a thermal spring[END_REF]. Fourthly, specific parts of bacteria such as their flagella can be used for nanoparticle synthesis. Specific flagella filaments have indeed been produced through genetic manipulations of Salmonella bacteria, which contain binding sites of iron/magnetite, where nanominerals can form. These minerals partially cover the filamentous biological template and align in onedimensional magnetic nanostructures, [START_REF] Bereczk-Tompa | Biotemplated synthesis of magnetic filaments[END_REF]. promote the reduction reaction. The suspension thus obtained is then usually centrifuged and washed with alcohol or water to separate organic residues from the nanoparticles [START_REF] Alam | Biogenic synthesis of iron oxide nanoparticles via Skimmia laureola and their antibacterial efficacy against bacterial wilt pathogen Ralstonia solanacearum[END_REF][START_REF] Devi | Green synthesis of iron oxide nanoparticles using Platanus orientalis leaf extract for antifungal activity[END_REF][START_REF] Farshchi | Green synthesis of iron nanoparticles by Rosemary extract and cytotoxicity effect evaluation on cancer cell lines[END_REF][START_REF] Martínez-Cabanas | Green synthesis of iron oxide nanoparticles. Development of magnetic hybrid materials for efficient As(V) removal[END_REF][START_REF] Moniri | Molecular study of wound healing after using biosynthesized BNC/Fe3O4 nanocomposites assisted with a bioinformatics approach[END_REF][START_REF] Pallela | Antibacterial efficacy of green synthesized α-Fe2O3 nanoparticles using Sida cordifolia plant extract[END_REF][START_REF] Plachtová | Iron and Iron Oxide Nanoparticles Synthesized Using Green Tea Extract: Improved Ecotoxicological Profile and Ability to Degrade Malachite Green[END_REF][START_REF] Prasad | Iron oxide nanoparticles synthesized by controlled bio-precipitation using leaf extract of Garlic Vine (Mansoa alliacea)[END_REF][START_REF] Nazeer | Surface modification of Fe2O3 and MgO nanoparticles with agrowastes for the treatment of chlorosis in Glycine max[END_REF][START_REF] Deshmukh | Ultrasound Assisted Green Synthesis of Silver and Iron Oxide Nanoparticles Using Fenugreek Seed Extract and Their Enhanced Antibacterial and Antioxidant Activities[END_REF][START_REF] Nagajyothi | Green Synthesis of Iron Oxide Nanoparticles and Their Catalytic and In Vitro Anticancer Activities[END_REF].

Certain by-products of animal species, such a albumen extracts, can be heated and mixed in the presence of NaOH and ammonia with an iron source, i.e. Fe(NO3), and then auto-claved at 150-220℃ for 4-10 hours to produce IONP, [START_REF] Moshafi | Biotemplate of albumen for synthesized iron oxide quantum dots nanoparticles (QDNPs) and investigation of antibacterial effect against pathogenic microbial strains[END_REF].

Other IONP fabrication processes involve a mixture of biological and non-biological methods. For example, it was reported that ferrous ions can be oxidized by Acidithiobacillus ferrooxidans bacteria under acid conditions into Fe 3+ , and these ions can then further be precipitated into Fe(OH)3 in the presence of ammonia, and this precipitate can be calcinated in muffle furnace to yield Fe2O3 nanoparticles, [START_REF] Li | Bacteria-assisted preparation of nano Fe2O3 red pigment powders from waste ferrous sulfate[END_REF].

Lastly, mechanisms of IONP fabrication by living organisms can be mimicked using engineering processes. For example, amphiphilic block co-polymers can be self-assembled into vesicles, called polymersomes, to mimic liposomes. These vesicles are made of 2 di-block co-polymers of 246 ± 137 nm in size, made of PEG113-PHPMA400 that makes the vesicles furtive due to the presence of PEG and PMPC28-PHPMA400 that provides acidic iron binding carboxylates, which are used for IONP nucleation. In this case, IONP formation is carried out by electroporation of these vesicles in the presence of an iron solution, which triggers iron diffusion inside the vesicles, and is followed by iron crystallization to form nanoparticles, [START_REF] Bain | A biomimetic magnetosome: formation of iron oxide within carboxylic acid terminated polymersomes[END_REF]. In a second example, specific proteins displaying active loops involved in iron biomineralization, i.e. Mms13 and MmsF, were used produce IONP, [START_REF] Rawlings | Artificial coiled coil biomineralisation protein for the synthesis of magnetic nanoparticles[END_REF]. In a third example, a 14mer bi-functional copolypeptide was used in combination with ginger extracts to bio-mineralize iron into magnetite, [START_REF] Liu | Biomimetic Mineralization of Magnetic Iron Oxide Nanoparticles Mediated by Bi-Functional Copolypeptides[END_REF].

II.

Properties of bio-synthesized iron oxide nanoparticles.

Bio-synthesized IONP have been reported to be of various compositions including ferrihydrite (Fe 3+ )2O3•0.5H2O, goethite (αFeO(OH)), hemathite (αFe2O3), siderite (FeCO3), lepidocrocite γFeO(OH), maghemite (Fe2O3), and magnetite (Fe3O4). IONP compositions can either be made of mixed iron oxide phases, e.g. IONP synthesized by G. sulfurreducens bacteria are composed of magnetite, goethite, hematite, and siderite, or of a single iron oxide phase, e.g. magnetite for magnetosomes contained inside MTB and mostly maghemite for magnetosomes extracted from MTB, [START_REF] Alphandéry | Difference between the Magnetic Properties of the Magnetotactic Bacteria and Those of the Extracted Magnetosomes: Influence of the Distance between the Chains of Magnetosomes[END_REF]. Concerning IONP multi-phase composition, it is usually not specified whether it corresponds to different phases within each individual nanoparticle or to different mono-phases within the assembly of nanoparticles. It is therefore difficult to conclude if such composition is that of individual nanoparticles or of an assembly of nanoparticles taken as a whole. Although IONP are in some cases reported to be composed of one type of iron oxide, it does not necessarily mean that another phase is not present. One of the main interests of the iron oxide composition comes from the specific magnetic properties that it can confer to nanoparticles. To the other knowledge, among the different phases, only NP made of maghemite or magnetite have achieved a nonzero remnant magnetization at physiological temperature, i.e. the presence of a non-zero magnetization in the absence of application of an external magnetic field, under certain conditions in terms of NP sizes, which need to be larger than typically 10-20 nm, and NP crystallinity, which should be of sufficient quality to enable the formation of a stable magnetic moment within the NP. Such property notably enables reaching improved heating properties in a MHT treatment. It should be noted that very few biological syntheses achieve such properties, which have to the author knowledge only truly been reported for magnetosomes. Furthermore, while magnetite easily oxidizes into maghemite, i.e. even if IONP are maintained in an anoxic environment before their administration to prevent them from oxidizing they will certainly oxidize into maghemite in vivo, maghemite is very stable and should not oxidize at physiological temperatures. Because of its higher stability, the maghemite composition is probably preferable to the magnetite one for injections in humans.

Size is another essential parameter that defines IONP properties, whose value lies between 5 and 380 nm for the analyzed IONP (table 1). In principle, smaller nanoparticles have a ratio between their exposed surface and internal volume, which is larger than that of larger NP, and therefore potentially also a higher reactivity at their surface. However, size is a complex notion, which depends on several parameters such as: i) the method used for its measurement, i.e. DLS usually results in the measurement of NP of larger sizes than TEM, ii) the type of nanoparticle considered, i.e. with or without a coating, iii) NP organization, i.e. strongly interacting NP may be very close to each other leading to the size of a single NP equal to that of a NP assembly. For these reasons, it is not straightforward to compare NP sizes resulting from various IONP bio-syntheses.

In general, as it is the case for NP size, NP crystallinity can be controlled or adjusted either directly by the living organism synthesizing IONP such as MTB, [START_REF] Bazylinski | Magnetosome formation in prokaryotes[END_REF], or indirectly through the adjustment of certain parameters such as the temperature or pH of the reduction reaction of ferrous/ferric ions into crystallized IONP, [START_REF] Byrne | Scale-up of the production of highly reactive biogenic magnetite nanoparticles using Geobacter sulfurreducens[END_REF][START_REF] Fatemi | Extracellular biosynthesis of magnetic iron oxide nanoparticles by Bacillus cereus strain HMH1: Characterization and in vitro cytotoxicity analysis on MCF-7 and 3T3 cell lines[END_REF][START_REF] Jacob | Facile aerobic construction of iron based ferromagnetic nanostructures by a novel microbial nanofactory isolated from tropical freshwater wetlands[END_REF]. Whereas most IONP were reported to be crystalline, some of them were also described as being amorphous (table 1). Most NP are probably neither totally crystalline nor totally amorphous.

However, to be sure of that, one would need to use as a reference a scale that measures the level of NP crystallinity, which could be defined in a standard and notably take into account the presence (or not) of vacancies, crystalline defaults, alignment or misalignments of crystallographic planes in IONP. To date, such standard does not exist and the notion of crystallinity applied to IONP is therefore prone to different interpretations. Most of time, it would be assumed that IONP observable under electron microscopy with a solid well-defined nano-metric shape and possibly crystallographic planes would be crystalline, but NP crystallinity remains a largely undefined notion.

With regard to NP surface charge, which is often described as playing an essential role in IONP antitumor activity, [START_REF] Schweiger | Quantification of the internalization patterns of superparamagnetic iron oxide nanoparticles with opposite charge[END_REF], notably due to IONP cellular internalization properties, which depend on the value of this parameter, [START_REF] Forest | Preferential binding of positive nanoparticles on cell membranes is due to electrostatic interactions: A too simplistic explanation that does not take into account the nanoparticle protein corona[END_REF][START_REF] Ayala | Effect of surface charge on the colloidal stability and in vitro uptake of carboxymethyl dextran-coated iron oxide nanoparticles[END_REF], the following specificities associated with IONP bio-synthesis should be underlined. In a first case, bio-synthesized IONP are surrounded by a natural membrane that originates from the organism synthetizing them, and the nature of this material then determines the value of IONP surface charge. In a second case, the original organic membrane surrounding IONP is removed and replaced by a synthetic coating. To the author knowledge, this second approach was only followed with magnetosomes, which were purified to remove most organic materials originating from MTB, and naked magnetosome minerals were then coated with various compounds that yielded either a positive surface charge at physiological pH for poly-L-lysine, poly-ethylene-imine, and chitosan, or a negative surface charge at this pH for carboxy-methyl-dextran, oleic acid, neridronate, and citric acid, [START_REF] Mandawala | Biocompatible and stable magnetosome minerals coated 1 with poly-L-lysine, citric acid, oleic acid, and carboxy-2 methyl-dextran, for application in the magnetic 3 hyperthermia treatment of tumors[END_REF][START_REF] Hamdous | Biocompatible coated magnetosome minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells in the presence of an alternating magnetic field[END_REF]. In a biotechnological manufacturing process, this second approach seems more appropriate than the first one since it enables adjusting the surface charge by accurately choosing NP coating material.

To be injectable to humans, IONP should be sufficiently stable. In biotechnology, one can distinguish two types of stability, which are firstly the stability during NP administration, i.e. IONP should remain dispersed with a sufficient homogeneity to be injectable in an organism, and secondly the long term stability, i.e. IONP should not degrade or lose their activity during a certain time period of typically a few months so that they can be used when needed within this lapse of time. In most studies, bio-synthesized IONP were reported to be stable, but it was not specified whether this stability corresponded to a short or long term one, and in which conditions it was measured, i.e. in which medium and with which method or equipment. When one describes IONP stability, one should also distinguish the stability of the iron oxide core, which is probably higher for crystalline than amorphous structures although this has not yet been determined experimentally for bio-synthesized IONP, from the stability of the coating. The coating is most of the time assumed to be the main source of IONP instability, probably because of its non-crystalline structure or exposure to the surrounding medium, which can be degrading, e.g. through oxidation. IONP stability is therefore mainly deduced from the stability of its coating. The natural organic coating, which is made of various biomolecules, phytochemicals, components of leaf or plant extracts, bacterial debris, proteins, lipids (table 1), may stabilize IONP and prevent the aggregation/sedimentation of these nanoparticles. However, it will certainly degrade over time and stability studies should examine the mechanism of degradation of this coating and possibly determine the conditions under which it does not occur. To the author knowledge, detailed stability studies of bio-synthesized IONP were only carried out for coated magnetosome minerals, for which it was estabilished that a suspension containing such minerals mixed in water remain stable up to 100 mg/mL during a few minutes, a time that is sufficiently long to enable their intra-tumor injection. It was also shown that these particles could be kept in the fridge for a few months without degrading.

Sterility is another required property of a biotechnological product to enable its administration to a human.

In most studies, sterility of bio-synthesized IONP is neither sought for nor assessed. Unsterile conditions of IONP fabrication are presented, which implies that IONP resulting from these processes would need to be sterilized after their synthesis. To the author knowledge, the only bio-synthesis that yielded sterile IONP was achieved with the magnetosomes by purifying magnetosome minerals originating from MTB using chemical treatments, i.e. by mixing magnetosomes with detergents, or physical methods, i.e.

through magnetosome heating. Using these processes, it was shown that the LPS concentrations could be reduced from 2000-12000 EU/mL/mgFe for chains of magnetosomes extracted from MTB without further treatment in suspension down to 10-200 EU/mL/mgFe for treated coated magnetosome minerals, [START_REF] Hamdous | Biocompatible coated magnetosome minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells in the presence of an alternating magnetic field[END_REF], hence falling within the range of endotoxin concentrations that is acceptable in a biotechnological product and shall prevent sceptic shocks on humans, [START_REF] Hamdous | Biocompatible coated magnetosome minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells in the presence of an alternating magnetic field[END_REF].

With regard to immuno-genicity, the administration of magnetosomes in mouse tumors followed by the application of an alternating field triggered a certain level of immune response, which was highlighted by the presence of poly-nuclear neutrophiles in the injection region, [START_REF] Alphandéry | Chains of magnetosomes with controlled endotoxin release and partial tumor occupation induce full destruction of intracranial U87-Luc glioma in mice under the application of an alternating magnetic field[END_REF].

Other aspects, which need to be addressed to enable IONP human injection but are rarely mentioned, include: i) the type of surfactant/adjuvant used for mixing IONP for injection, i.e. apparently only magnetosomes were shown to be dispersible in water at high concentrations of up to typically 100 mg/mL, ii) the level of purity of bio-synthesized IONP, i.e. it seems that only maghemite and magnetite could reach a very pure iron oxide composition of more than 99.8% in iron compared with other metals, where such high level of purity was only reported for magnetosomes, [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], iii) IONP organization that can have an impact on IONP stability/bio-distribution/cellular internalization, which was only studied in details under different conditions for magnetosomes that organize in chains, hence favoring an homogenous distribution of these particles by preventing their aggregation, [START_REF] Alphandéry | Chains of Magnetosomes Extracted from AMB-1 Magnetotactic Bacteria for Application in Alternative Magnetic Field Cancer Therapy[END_REF], iv) the absence or presence of specific activity of IONP coating, e.g. it was suggested that a coating made of leaf extracts of plants Albizia adianthifolia was able to capture free radicals and yield anti-oxidation properties, [START_REF] Sulaiman | Biosynthesis, characterization of magnetic iron oxide nanoparticles and evaluations of the cytotoxicity and DNA damage of human breast carcinoma cell lines[END_REF].

Lastly, the nanoparticle production yield (NPY) should be sufficiently large to enable the treatment of a large enough number of patients suffering from cancer. Although this parameter is very important, it is almost never mentioned in the literature. Maybe, this is due to the lack of a clear definition. Indeed, defining NPY as being simply the quantity of nanoparticles produced per litter or unit volume of IONP production is incomplete. To be more accurate, NPY should also take into account: i) the duration of nanoparticle production (DNP), i.e. one could define NPY/DNP instead of NPY, ii) the step at which NPY is measured, i.e. NPY should preferably be measured when IONP are in their final formulation form where they are ready for injection and possibly also at some earlier steps of the fabrication process, iii) the type of element chosen to measure IONP concentration, i.e. in case of IONP one could estimate IONP concentration from its iron content assuming that IONP activity mainly comes from iron, iv) IONP fabrication process whose parameters such as pH, temperature, concentration of biological extracts, ratio between the quantity of iron source and quantity of reducing agents, should preferably be optimized.

Furthermore, the optimization of NPY should lead to a process that reaches a relatively large IONP production while being compatible with medical regulations. Furthermore, although this point is rarely discussed in the literature large values of NDPY and NDPY/DNP parameters are in principle only necessary for IONP, which are stable over short periods of times, necessitating the rapid production of the IONP therapeutic dose. In case of very stable IONP, which can be stored for long periods of time without losing their therapeutic activity, lower values of NDPY and NDPY/DNP could be acceptable. To the author knowledge, magnetosomes are the only bio-synthesized IONP for which NPY of 10 mg per liter of growth medium and NPY/DNP of 1 mg per liter per day, have been estimated, using growth media that are compatible with a biotechnological production, i.e. without CMR chemicals, products originating from microorganisms (yeast extracts), and heavy metals. As mentioned above, to assess whether the NPY is sufficient, it should be compared with the therapeutic dose necessary to treat one patient. Given that such a dose is 0.1 gram of IONP per patient, approximately 10 liters of cultures would be sufficient to treat one patient.

III. Biocompatibility of bio-synthesized iron oxide nanoparticles.

In general, IONP are considered bio-compatible, (2). However, the majority of chemical synthesis relies on the use of toxic chemicals such as hydrazine or potassium bi-tartrate that can end up as trace elements in the final nanoparticle formulation. By using a biological synthesis, it is possible to synthesize IONP without the use of toxic products. For example, a recent study reported the growth of magnetotactic bacteria in the absence of any CMR products, yeast extracts, or heavy metals, using a method that is compatible with pharmaceutical standards, [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]. Another interesting factor, which is often mentioned in the literature and can prevent nanoparticle toxicity, is the biocompatible coating, e.g. made of phytochemicals, that naturally surrounds IONP following nanoparticle synthesis by a living organism, [START_REF] Gahlawat | A review on the biosynthesis of metal and metal salt nanoparticles by microbes[END_REF][START_REF] Safaepour | Green synthesis of small silver nanoparticles using geraniol and its cytotoxicity against fibrosarcoma-wehi 164[END_REF][START_REF] Britto | Medicinal plant extracts used for blood sugar and obesity therapy shows excellent inhibition of invertase activity: synthesis of nanoparticles using this extract and its cytotoxic and genotoxic effects[END_REF][START_REF] Nazeer | Surface modification of Fe2O3 and MgO nanoparticles with agrowastes for the treatment of chlorosis in Glycine max[END_REF]. Although it is certainly true that the presence of such coating can improve nanoparticle bio-compatibility, it is not obvious to keep it in a biotechnological process since such coating would be difficult to fully characterize, to obtain reproducibly with the exact same composition, and to sterilize without inducing its destruction. This is the reason why an alternative method of preparation has been suggested with the magnetosomes, which consists in removing the organic coating produced by magnetotactic bacteria, which is made of biological material such as proteins and lipids, and in replacing it by a synthetic coating that can more easily be characterized, [START_REF] Mandawala | Biocompatible and stable magnetosome minerals coated 1 with poly-L-lysine, citric acid, oleic acid, and carboxy-2 methyl-dextran, for application in the magnetic 3 hyperthermia treatment of tumors[END_REF][START_REF] Hamdous | Biocompatible coated magnetosome minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells in the presence of an alternating magnetic field[END_REF]. Regarding the bio-compatibility of these bio-synthesized IONP, it has been highlighted through the following results: i) an absence or weak cytotoxicity, i.e. a cytotoxicity associated with a percentage of cellular inhibition lower than 30%, towards different healthy cells such as 3T3 fibroblast cells up to 15 µg/mL of IONP ( 55), Neuro2A and HUVEC brain cells up to 150 µg/mL of IONP [START_REF] Gholami | Green facile synthesis of lowtoxic superparamagnetic iron oxide nanoparticles (SPIONs) and their cytotoxicity effects toward Neuro2A and HUVEC cell lines[END_REF], human red blood cells and macrophages up to 15 µg/mL of IONP [START_REF] Majid | Biosynthesis of iron oxide (Fe2O3) nanoparticles via aqueous extracts of Sageretia thea (Osbeck.) and their pharmacognostic properties[END_REF], or embryonic kidney HEK-293 cells up to 500 µg/mL of IONP [START_REF] Nazeer | Surface modification of Fe2O3 and MgO nanoparticles with agrowastes for the treatment of chlorosis in Glycine max[END_REF], ii) no toxicity towards embryos of zebra-fish for a IONP concentration lower than 5 mg per liter [START_REF] Hafiz | In-vivo Toxicity Assessment of Biologically Synthesized Iron Oxide Nanoparticles in Zebrafish (Danio rerio)[END_REF], iii) no significant toxicity towards a number of aquatic organisms such as cyanobacteria, alga, and invertebrate organisms [START_REF] Markova | Iron(II,III)-Polyphenol Complex Nanoparticles Derived from Green Tea with Remarkable Ecotoxicological Impact[END_REF], iv) no acute toxicity up to 2000 mg of IONP per kg of mouse body weight when IONP are given orally to mice [START_REF] Lakshmi | Biosynthesis, characterization and acute oral toxicity studies of synthesized iron oxide nanoparticles using ethanolic extract of Centella asiatica plant[END_REF]. Most interestingly, it was shown that bio-synthesized IONP were less toxic towards various organisms than amorphous complexes of free iron ions, [START_REF] Plachtová | Iron and Iron Oxide Nanoparticles Synthesized Using Green Tea Extract: Improved Ecotoxicological Profile and Ability to Degrade Malachite Green[END_REF], suggesting that the specific nanoparticulate formulation can prevent iron toxicity or reduce it compared with that of free iron ions. In some studies, the toxicity of bio-synthesized IONP was compared with that of chemically synthesized IONP. For example, it was shown that IONP formed through the reduction of metal ions using aqueous sorghum bran extracts was rapid and resulted in water-soluble, biodegradable IONP coated with phenolic compounds, which were less toxic than IONP prepared using conventional NaBH4 reduction protocols, [START_REF] Njagi | Biosynthesis of Iron and Silver Nanoparticles at Room Temperature Using Aqueous Sorghum Bran Extracts[END_REF].

IV.

Anti-tumor efficacy of bio-synthesized iron oxide nanoparticles.

IV.I. In-vitro anti-tumor activity

Anti-tumor activity of bio-synthesized IONP was essentially highlighted using in vitro cytotoxicity assessment, where it was shown that such nanoparticles could inhibit the growth of several types of tumor cells including leukemia (Jurkat cells), breast cancer (MCF-7 cells), cervical cancer (HeLa cells), and liver cancer (HepG2 cells), [START_REF] Nagajyothi | Green Synthesis of Iron Oxide Nanoparticles and Their Catalytic and In Vitro Anticancer Activities[END_REF][START_REF] Namvar | Cytotoxic effect of magnetic iron oxide nanoparticles synthesized via seaweed aqueous extract[END_REF]. To explain this efficacy, some studies have brought forward the role of the natural IONP coating, e.g. a coating made of rosemary extracts containing polyphenols yielding anticancer effects, which inhibited the growth of 4T1 breast cells with a larger inhibition for the plant extracts associated to IONP, i.e. IC50  44 µg/mL, than for the extracts alone, i.e. IC50  100 μg/ml, [START_REF] Nazeer | Surface modification of Fe2O3 and MgO nanoparticles with agrowastes for the treatment of chlorosis in Glycine max[END_REF].

Other studies have reported that IONP toxicity towards human breast AMJ-13 and MCF-7 cancer cells, could be due to IONP acting as free radical scavengers, yielding anti-oxidant effects, and cellular death through apoptosis, [START_REF] Sulaiman | Biosynthesis, characterization of magnetic iron oxide nanoparticles and evaluations of the cytotoxicity and DNA damage of human breast carcinoma cell lines[END_REF]. For some of these nanoparticles, a relative absence of cytotoxicity towards both tumor and healthy cell lines has been observed for nanoparticle concentration lower than 1 mg/mL [START_REF] Fatemi | Extracellular biosynthesis of magnetic iron oxide nanoparticles by Bacillus cereus strain HMH1: Characterization and in vitro cytotoxicity analysis on MCF-7 and 3T3 cell lines[END_REF][START_REF] Izadiyan | Cytotoxicity assay of plant-mediated synthesized iron oxide nanoparticles using Juglans regia green husk extract[END_REF].

V.II. In vivo antitumor activity

Few studies have reported in vivo anti-tumor activity of bio-synthesized IONP. To the author knowledge, only magnetosomes were tested to this effect, using two types of suspensions, containing either pyrogenic chains of magnetosomes directly extracted from MTB without further treatment (CM) or purified nonpyrogenic iron oxide magnetosome minerals stabilized by a ploy-L-lysine coating (M-PLL). Two types of GBM tumors were treated, i.e. subcutaneous murine GBM GL-261 tumors of  100 mm 3 or intracranial human GBM U87-Luc tumors of 2 mm 3 . The protocol of treatment consisted in administering intratumorally, through one or two administration(s), 13 µg of CM or 500-700 µg of M-PLL per mm 3 of U87-Luc tumors or 25-50 µg of M-PLL per mm 3 of GL-261 tumor, followed by 15 to 27 sessions of 30 minutes of application of an alternating magnetic field (AMF) of 30 mT and 198 kHz (table 2). Temperature increases reached during the various treatment sessions, which are summarized in table 3, occurred within a much more important number of sessions for M-PLL than for BNF-starch. Figure 1 illustrates how the treatment of intracranial and subcutaneous GBM tumors was carried out by using M-PLL (Figure 1 The most striking results of these treatments are characterized by (table 2):



The full tumor disappearance obtained using a low quantity of CMM (13 µg/mm 3 ) among a significant percentage of treated mice of 40% [START_REF] Alphandéry | Chains of magnetosomes with controlled endotoxin release and partial tumor occupation induce full destruction of intracranial U87-Luc glioma in mice under the application of an alternating magnetic field[END_REF];  Tumor eradication among 100% of treated mice reached by increasing the quantity of magnetosomes from 13 µg/mm3 to 400-800 µg/mm 3 (20);  An anti-tumor efficacy that was more pronounced for M-PLL than for magnetosome chemical counterparts (BNF-Starch), even so BNF-Starch were re-administered in the tumor a larger number of times than M-PLL, (4 and 6 mice re-injected for M-PLL and BNF, respectively), and the AMF strength applied during the first session was higher for BNF (26.5 mT) than for M-PLL (20 mT), table 4, ( 21), to attempt reaching similar heating temperatures for both types of nanoparticles;

To explain the superior anti-tumor activity of bio-synthesized IONP formulations compared with their chemical counterparts, the following explanations, which are summarized in Figure 2, have been brought

forward. Firstly, due to their large size, good crystallinity, and magnetic mono-domain ferrimagnetic behaviors, magnetosomes display excellent heating properties when they are exposed to an alternating magnetic field, [START_REF] Britto | Medicinal plant extracts used for blood sugar and obesity therapy shows excellent inhibition of invertase activity: synthesis of nanoparticles using this extract and its cytotoxic and genotoxic effects[END_REF], yielding SAR values that can exceed 1000 W/gFe using AMF of moderately high strength and frequency of 20 mT and 200 kHz. These SAR values are higher than those usually reported for chemically synthesized nanoparticles, [START_REF] Alphandéry | Heat Production by Bacterial Magnetosomes Exposed to an Oscillating Magnetic Field[END_REF]. Secondly, magnetosomes have been shown to internalize in various cells, where this faculty is enhanced under the application of an alternating magnetic field , [START_REF] Alphandéry | Chains of Magnetosomes Extracted from AMB-1 Magnetotactic Bacteria for Application in Alternative Magnetic Field Cancer Therapy[END_REF], potentially enabling them to release an anti-tumor drugs intra-cellularly such as LPS associated with CM, [START_REF] Alphandéry | Chains of magnetosomes with controlled endotoxin release and partial tumor occupation induce full destruction of intracranial U87-Luc glioma in mice under the application of an alternating magnetic field[END_REF]. Thirdly, tissue biodistribution studies have shown that magnetosomes can form dense assembly of nanoparticles localized in the tumor region that can help magnetosomes to remain in the tumor during several treatment sessions, hence resulting in magnetosome tumor bio-persistence. Fourthly, cellular death induced by magnetosome treatment has been shown to mainly occur through apoptosis, most probably due to the moderate heating temperatures of 41-45 °C reached during treatment. This is an important aspect since tumor cells often lose their faculty to dye apoptotically, [START_REF] Warren | BCL-2 family isoforms in apoptosis and cancer[END_REF], while apoptotic death is believed to favor tumor destruction, [START_REF] Wong | Apoptosis in cancer: from pathogenesis to treatment[END_REF]. Indeed, on the one hand apoptotic cells may be captured by specific macrophages called "tingible body macrophages", hence possibly preventing toxic necrosis. On the other hand, apoptosis can lead to an immune response against tumor cells through the activation of Tcells and the perforin-granzyme cellular death pathway, [START_REF] Voskoboinik | Perforin and granzymes: function, dysfunction and human pathology[END_REF][START_REF] Kale | BCL-2 family proteins: changing partners in the dance towards death[END_REF], making it possible to foresee tumoral death at a certain distance from the treated zone, a very interesting mechanism if one wishes to target metastases or infiltrating tumors, which can't be all covered with nanoparticles. Finally, the proliferation of tumor cells has been associated with the loss by these cells of the faculty to die through apoptosis, a behavior that may come from the presence in these cells of an excess of anti-apoptotic proteins such as BH3 or a lack of pro-apoptotic proteins such as BAX, [START_REF] Warren | BCL-2 family isoforms in apoptosis and cancer[END_REF][START_REF] Cook | Current Strategies to Enhance Anti-Tumour Immunity[END_REF]. Fifthly, it was suggested that exposing magnetosomes to an AMF can trigger the migration of polynuclear neutrophil immune cells (PNN) towards the magnetosome region, i.e. PNN are observed in this region persistently 3 and 72 hours following magnetosome injection and 1 to 3 AMF applications. While a direct link between the presence of PNN in the tumor and anti-tumor activity was not established, it was shown that exposing magnetosomes to an AMF could trigger a response of the immune system repetitively by applying the magnetic field several times. For other types of cancer immunotherapies, it was also shown that such response could under certain specific conditions help to destroy the tumor, [START_REF] Oberg | Regulatory Interactions Between Neutrophils, Tumor Cells and T Cells[END_REF].

One of the most interesting aspects of these studies lies in the faculty of bio-synthesized IONP to modulate anti-tumor activity through multiple applications of the alternating magnetic field, and when this is not sufficient to prevent tumor re-growth through a second nanoparticle administration. Hence, this method enables obtaining efficient anti-tumor activity by using two different parameters to control anti-tumor activity, i.e. on the one hand the quantity of active principle (bio-synthesized IONP) in the tumor, and on the other hand the level of activity of this active principle that is determined by the parameters of the external source of energy (AMF), which is applied.

CONCLUSION

In this article, I have presented methods of synthesis of iron oxide nanoparticles by various living organisms such as bacteria, plants, animals or certain by-products of these organisms. This type of fabrication presents the advantage of not relying on the use of toxic chemicals. These nanoparticles have been reported to be composed of various types of iron oxides. Among them, maghemite seems to be the purest and most stable one. Most studies highlight the presence of an organic layer at the surface of these nanoparticles, which is believed to strengthen their biocompatibility. However, for biotechnological applications, it is most probable that it is necessary to remove this layer, since it could be difficult to characterize it fully and to obtain it identically in a reproducible manner from one batch to the other. In addition this layer may contain some allergens. I deduced from my bibliographic search that a NP fabrication process compatible with NP biotechnological needs was only developed for magnetosomes, which are iron oxide nanoparticles synthesized by magnetotactic bacteria, This process enables purifying magnetosomes to remove most organic materials and only keep their non-organic iron oxide mineral part, which is then stabilized by a synthetic coating. Furthermore, it yields NP with favorable properties for biotechnological applications such as: i) a composition in maghemite that is pure and stable, ii) a surface charge that can be adjusted by using various coatings, iii) a current production yield of 10 mg of magnetosomes per liter of growth medium that is sufficient for the foreseen tumor treatment, iv) a sufficient stability in suspension to enable the administration of these NP at the desired concentration (up to typically 100 mg of magnetosomes per mL of water), v) NP that do not degrade during a few months, vi) NP that disperse homogenously and do not aggregate due to their chain arrangement. Whereas biosynthesized IONP have been described as being bio-compatible and as being able to induce cytotoxicity towards tumor cells under certain conditions, a detailed evaluation of the anti-tumor activity that such NP could trigger has only been carried out (to the author knowledge) for the magnetosomes, by notably

showing that it was possible to fully eradicate certain types of GBM tumors in mice such as intracranial human U87-Luc GBM or subcutaneous GL-261 GBM, by administering magnetosomes in these tumors and by exposing these mice to several sessions of application of an AMF during which the tumor temperature only moderately increased at typically 41-43 °C. In addition of being efficient, it was shown that this treatment did not induce any observable side effects, possibly due to the moderate heating temperatures reached during treatment and to magnetosome bio-compatibility. 

FIGURES:

TABLES:

Table 1: For various bio-synthesized IONP, composition, organic part, size, shape, crystallinity, zeta potential, synthesis method, as well as in vitro and in vivo anti-cancer activities.

Table 2: A summary of the different treatment parameters, indicating: i) the type of nanoparticles administered in the tumor (MC, M-PLL or BNF), ii) the type of treated tumor, i.e. either intracranial human U87-Luc GBM tumors of 2-4 mm 3 grown inside the brain of nude mice or subcutaneous murine GL-261 GBM tumors of 100 mm 3 grown subcutaneously under the skin of immune-competent mice, iii) quantities of magnetosomes administered in the tumors, which are comprised between 13 and 700 µg of nanoparticles depending on nanoparticle/protocol type, iv) the strength/frequency of the applied AMF, which are 11-31 mT and 198-202 kHz, respectively, v) the number of magnetic sessions, which is comprised between 11 and 27, vi) the length of each magnetic session that is fixed at 30 minutes, and vii) the percentages of mice with full tumor disappearance that reflects treatment efficacy and is comprised between 0 and 100% depending on treatment conditions. inject designate protocols with one and two nanoparticle injection(s), respectively. MS1 to MS27 designate the first to the twentieth seventh magnetic session.

Table 4: Heating parameters of the experiment in which 100 mm 3 GL-261 subcutaneous GBM tumors were injected with 25-50 µg of M-PLL per mm 3 of tumor, indicating the magnetic field strength used to reach the indicated maximum temperatures during the first magnetic session, i.e. magnetic field strengths of 19±4 mT and 27±4 mT to reach 45-51 °C and 44-47 °C with M-PLL and BNF, respectively, as well as the number of re-injected mice and average magnetic field strength applied during the various sessions for the protocols using M-PLL and BNF.

  (c)), which originated from chains of magnetosomes (Figure 1(b) and whole MTB (Figure 1(a)), were administered in subcutaneous GL-261 tumors and intracranial U87-Luc tumors, and excited through various applications of an alternating magnetic field, which resulted in full tumor disappearance (Figures 1(d) and 1(e)).
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 1 Figure 1: (a), A TEM image of a typical whole MSR-1 magnetotactic bacterium that produces
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 2 Figure 2: A schematic diagram presenting the different mechanisms that can trigger anti-tumor activity

  

  

  

  

  

  

  

  

  Besides bacteria, plant extracts, i.e. essentially leaves and seeds, can be used to bio-synthesize IONP. The first step of this synthesis consists in isolating and heating the various extracts, e.g. leave extracts of

	Skimma filtered to eliminate impurities, and then mixed with various iron sources such as FeCl3, Fe(NO3), FeSO4,
	FeCl2, using different ratio between the volume of extracts and that of iron sources. It results in the
	reduction of iron ions into nanoparticles composed of iron or iron oxide, e.g. Fe2O3 and Fe3O4. In some
	cases, this mixture is carried out in the presence of a chemical such as ammonia and/or by sonication to

laureola, Rosmarinus officinalis, eucaliptus, Sida cordifolia, green tea, Garlic Vine, C. sativum, M. oleifera, or seed extracts of Fenugreek or Psoralea corylifolia. These extracts are usually heated,

Table 3 :

 3 The values of the temperature increases (T) obtained during the various treatments presented whose parameters are given in table1.  indicates the second injection of the nanoparticles. 1 inject and 2
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