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ABSTRACT: Various living organisms, such as bacteria, plants, and animals can synthesize iron oxide 23 

nanoparticles (IONP). The mechanism of nanoparticle (NP) formation is usually described as relying on 24 

the reduction of ferric/ferrous iron ions into crystallized nanoparticulate iron that is surrounded by an 25 

organic stabilizing layer. The properties of these NP are characterized by a composition made of different 26 

types of iron oxide whose most stable and purest one is maghemite, by a size comprised between 5 and 27 

380 nm, by a crystalline core, by a surface charge which depends on the nature of the material coating the 28 

iron oxide, and by certain other properties such as a sterility, stability, production in mass, absence of 29 

aggregation, that have only been studied in details for IONP synthesized by magnetotactic bacteria, called 30 

magnetosomes. In the majority of studies, bio-synthesized IONP are described as being biocompatible 31 

and as not inducing cytotoxicity towards healthy cells. Anti-tumor activity of bio-synthesized IONP has 32 

mainly been demonstrated in vitro, where this type of NP displayed cytotoxicity towards certain tumor 33 

cells, e.g. through the anti-tumor activity of IONP coating or through IONP anti-oxidizing property. 34 

Concerning in vivo anti-tumor activity, it was essentially highlighted for magnetosomes administered in 35 

different types of glioblastoma tumors (U87-Luc and GL-261), which were exposed to a series of 36 

alternating magnetic field applications, resulting in mild hyperthermia treatments at 41-45 °C, leading to 37 

the full tumor disappearance without any observable side effects. 38 

  39 
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ABREVIATIONS: 43 

AMF: Alternating magnetic field; 44 

DNP: Duration of nanoparticle production; 45 

IONP: Iron oxide nanoparticles; 46 

MC: Chains of magnetosomes extracted from AMB-1 magnetotactic bacteria; 47 

MHT: Magnetic hyperthermia; 48 

MTB: Magnetotactic bacteria; 49 

MS: Magnetic session, time during which an AMF is applied on NP; 50 

M-PLL: Iron oxide magnetosome minerals coated with poly-L-lysine; 51 

NPY: Nanoparticle production yield; 52 

NaOH: Sodium hydroxide; 53 

NP: Nanoparticles; 54 

GBM: Glioblastoma multiform; 55 

UV: ultra-violet; 56 

BNF: A type of chemically synthesized nanoparticles that was purchased from the company Micromod; 57 

TEM: Transmission electron microscopy;  58 
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INTRODUCTION 59 

Nanoparticles (NP) have raised a surge of interest in the field of cancer, leading to the development of 60 

various technologies, such as the irradiation of NP located in tumors by X-rays, (1), the specific delivery 61 

or targeting of drugs in the tumor using drugs associated with IONP, (2), the heating of nanoparticles 62 

under the application of an alternating magnetic field to eradicate a tumor through localized moderate 63 

heating, (3). Among the different types of nanoparticles, iron oxide nanoparticles (IONP) are particularly 64 

attractive because of their biocompatibility and their proven efficacy for the treatment of iron anemia 65 

diseases, (2), and cancer using magnetic hyperthermia (MHT), (3, 4). However, the majority of chemical 66 

syntheses use toxic products, (5), which may end up as trace elements in the final IONP formulation. To 67 

overcome this hurdle, it has recently been proposed to use natural manufacturing methods to bio-68 

synthesize IONP, using certain organisms such as bacteria, (6), plants, (7), yeast, fungi, (8), seaweeds, 69 

(9), or some of their enzymes or proteins, which often play a central role in the reduction of ferrous/ferric 70 

iron ions into crystallized nano-particulate iron, (10, 11, 12, 13, 14).,  This article reviews the 71 

different modes of IONP bio-synthesis, the physicochemical properties, the bio-compatibility, as well as 72 

the anti-tumor properties of these IONP. Magnetosomes, which are synthesized by magnetotactic bacteria 73 

(MTB), appear to be at the most advanced stage of development among the different types of bio-74 

synthesized IONP, allowing foreseeing their use as anti-cancer agents. Indeed, a magnetosome 75 

manufacturing method has been developed, which relies on the following well-established steps: i) 76 

amplification of MTB, ii) extraction of magnetosomes from MTB, purification of magnetosome minerals 77 

to remove organic/pyrogenic/immunogenic material, and iii) stabilization of these purified minerals with 78 

different synthetic coatings. This process yields magnetosomes with properties that are compatible with 79 

their use for cancer treatment, i.e.: i) a sufficient nanoparticle production yield (NPY), i.e. NPY  10 mg 80 

of magnetosomes per liter of growth medium, (15), ii) a very high purity, i.e. these magnetosomes are 81 

composed of 99.8% of iron relatively to other metals, (15) iii) a very good crystallinity, iv) a stable 82 

composition of maghemite, (16), v) an arrangement in chains, (17, 18), and v) a sterility or non-83 
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pyrogenicity, (17, 18). Furthermore, magnetosomes were shown to display excellent anti-tumor activity 84 

when they were administered in intracranial U87-Luc human GBM tumors or in subcutaneous GL-261 85 

murine GBM tumors and exposed to several sessions of application of an alternating magnetic field, 86 

leading to the complete disappearance of these tumors, (19, 20, 21).  87 
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I. Different methods of iron oxide nanoparticle bio-synthesis. 88 

IONP can first be synthesized intracellularly by specific bacteria, which are called magnetotactic bacteria 89 

(MTB). For that, MTB cytoplasmic membrane is invaginated, resulting in the formation of intracellular 90 

vesicles in which extracellular ferric/ferrous iron ions have diffused, further leading to the nucleation of 91 

magnetite crystals, called magnetosomes. The whole process of magnetosome formation is controlled by 92 

specific mam (magnetosome membrane) or mms (magnetic particle membrane specific) genes and their 93 

associated proteins, (22). Magnetosomes, which are well-crystallized mono-domain crystals with 94 

ferrimagnetic magnetic properties and an arrangement in chains inside MTB, yield an efficient coupling 95 

between their magnetic moment and the external earth magnetic field, hence enabling MTB to swim in 96 

the direction of the earth magnetic field, through a mechanism called magnetotaxis. Most MTB can’t be 97 

used for biotechnological applications, either because their growth conditions are not well established or 98 

because they produce a too small quantity of magnetosomes. To the author knowledge, only one species 99 

of MTB, which is called MSR-1 Magnetospirillum gryphiswaldense, can produce magnetosomes in large 100 

quantities, i.e.  10 mg/liter, using a two steps method in which MTB are first pre-amplified in an iron 101 

depleted growth medium and are then grown in iron-rich conditions to produce magnetosomes in mass, 102 

(15). Furthermore, a recent study has shown the possibility to follow this two steps method using minimal 103 

growth media not containing any toxic products such as CMR chemicals, heavy metals, or products 104 

originating from microorganisms (yeast extracts), paving the way towards the use of MSR-1 MTB for 105 

biotechnological applications, (15).  Secondly, IONP can be synthesized outside of certain types of 106 

bacteria such as Geobacter sulfurreducens or actinomycetes MS-2, (23). A typical protocol consists in 107 

growing these bacteria during several days and then adding to the bacterial suspension or its supernate a 108 

source of iron III, which is further reduced into iron II, resulting in the formation of nano-minerals of 109 

various phases, i.e. essentially magnetite, goethite, hematite, siderite or vivianite. In this case, the 110 

mechanisms of nanoparticle formation most probably involve specific enzymes localized outside of these 111 

bacteria, which are responsible for the reduction reactions, although such mechanisms are not described 112 

in details in the literature, (23, 24, 25). Thirdly, IONP bacterial synthesis can also occur at the surface of 113 
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certain bacteria such as K. oxytoca or Staphylococcus warneri, which synthesize biogenic polysaccharide-114 

iron hydrogel nanoparticles, known as Fe (III)-exopolysaccharide (Fe-EPS) through the reduction of 115 

ferric citrate under anaerobic conditions, (26, 27). Fourthly, specific parts of bacteria such as their flagella 116 

can be used for nanoparticle synthesis. Specific flagella filaments have indeed been produced through 117 

genetic manipulations of Salmonella bacteria, which contain binding sites of iron/magnetite, where nano-118 

minerals can form. These minerals partially cover the filamentous biological template and align in one-119 

dimensional magnetic nanostructures, (28).  120 

Besides bacteria, plant extracts, i.e. essentially leaves and seeds, can be used to bio-synthesize IONP. The 121 

first step of this synthesis consists in isolating and heating the various extracts, e.g. leave extracts of 122 

Skimma laureola, Rosmarinus officinalis, eucaliptus, Sida cordifolia, green tea, Garlic Vine, C. sativum, 123 

M. oleifera, or seed extracts of Fenugreek or Psoralea corylifolia. These extracts are usually heated, 124 

filtered to eliminate impurities, and then mixed with various iron sources such as FeCl3, Fe(NO3), FeSO4, 125 

FeCl2, using different ratio between the volume of extracts and that of iron sources. It results in the 126 

reduction of iron ions into nanoparticles composed of iron or iron oxide, e.g. Fe2O3 and Fe3O4. In some 127 

cases, this mixture is carried out in the presence of a chemical such as ammonia and/or by sonication to 128 

promote the reduction reaction. The suspension thus obtained is then usually centrifuged and washed with 129 

alcohol or water to separate organic residues from the nanoparticles (29-39). 130 

Certain by-products of animal species, such a albumen extracts, can be heated and mixed in the presence 131 

of NaOH and ammonia with an iron source, i.e. Fe(NO3), and then auto-claved at 150–220℃ for 4–10 132 

hours to produce IONP, (40).  133 

Other IONP fabrication processes involve a mixture of biological and non-biological methods. For 134 

example, it was reported that ferrous ions can be oxidized by Acidithiobacillus ferrooxidans bacteria under 135 

acid conditions into Fe3+, and these ions can then further be precipitated into Fe(OH)3 in the presence of 136 

ammonia, and this precipitate can be calcinated in muffle furnace to yield Fe2O3 nanoparticles, (41).  137 

Lastly, mechanisms of IONP fabrication by living organisms can be mimicked using engineering 138 

processes. For example, amphiphilic block co-polymers can be self-assembled into vesicles, called 139 
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polymersomes, to mimic liposomes. These vesicles are made of 2 di-block co-polymers of 246 ± 137 nm 140 

in size, made of PEG113-PHPMA400 that makes the vesicles furtive due to the presence of PEG and 141 

PMPC28-PHPMA400 that provides acidic iron binding carboxylates, which are used for IONP 142 

nucleation. In this case, IONP formation is carried out by electroporation of these vesicles in the presence 143 

of an iron solution, which triggers iron diffusion inside the vesicles, and is followed by iron crystallization 144 

to form nanoparticles, (42). In a second example, specific proteins displaying active loops involved in 145 

iron biomineralization, i.e. Mms13 and MmsF, were used produce IONP, (43). In a third example, a 14-146 

mer bi-functional copolypeptide was used in combination with ginger extracts to bio-mineralize iron into 147 

magnetite, (44).  148 

II. Properties of bio-synthesized iron oxide nanoparticles. 149 

Bio-synthesized IONP have been reported to be of various compositions including ferrihydrite 150 

(Fe3+)2O3•0.5H2O, goethite (αFeO(OH)), hemathite (αFe2O3), siderite (FeCO3), lepidocrocite γFeO(OH), 151 

maghemite (Fe2O3), and magnetite (Fe3O4). IONP compositions can either be made of mixed iron oxide 152 

phases, e.g. IONP synthesized by G. sulfurreducens bacteria are composed of magnetite, goethite, 153 

hematite, and siderite, or of a single iron oxide phase, e.g. magnetite for magnetosomes contained inside 154 

MTB and mostly maghemite for magnetosomes extracted from MTB, (45). Concerning IONP multi-phase 155 

composition, it is usually not specified whether it corresponds to different phases within each individual 156 

nanoparticle or to different mono-phases within the assembly of nanoparticles. It is therefore difficult to 157 

conclude if such composition is that of individual nanoparticles or of an assembly of nanoparticles taken 158 

as a whole. Although IONP are in some cases reported to be composed of one type of iron oxide, it does 159 

not necessarily mean that another phase is not present. One of the main interests of the iron oxide 160 

composition comes from the specific magnetic properties that it can confer to nanoparticles. To the other 161 

knowledge, among the different phases, only NP made of maghemite or magnetite have achieved a non-162 

zero remnant magnetization at physiological temperature, i.e. the presence of a non-zero magnetization 163 

in the absence of application of an external magnetic field, under certain conditions in terms of NP sizes, 164 

which need to be larger than typically 10-20 nm, and NP crystallinity, which should be of sufficient 165 
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quality to enable the formation of a stable magnetic moment within the NP. Such property notably enables 166 

reaching improved heating properties in a MHT treatment. It should be noted that very few biological 167 

syntheses achieve such properties, which have to the author knowledge only truly been reported for 168 

magnetosomes. Furthermore, while magnetite easily oxidizes into maghemite, i.e. even if IONP are 169 

maintained in an anoxic environment before their administration to prevent them from oxidizing they will 170 

certainly oxidize into maghemite in vivo, maghemite is very stable and should not oxidize at physiological 171 

temperatures. Because of its higher stability, the maghemite composition is probably preferable to the 172 

magnetite one for injections in humans. 173 

Size is another essential parameter that defines IONP properties, whose value lies between 5 and 380 nm 174 

for the analyzed IONP (table 1). In principle, smaller nanoparticles have a ratio between their exposed 175 

surface and internal volume, which is larger than that of larger NP, and therefore potentially also a higher 176 

reactivity at their surface. However, size is a complex notion, which depends on several parameters such 177 

as: i) the method used for its measurement, i.e. DLS usually results in the measurement of NP of larger 178 

sizes than TEM, ii) the type of nanoparticle considered, i.e. with or without a coating, iii) NP organization, 179 

i.e. strongly interacting NP may be very close to each other leading to the size of a single NP equal to that 180 

of a NP assembly. For these reasons, it is not straightforward to compare NP sizes resulting from various 181 

IONP bio-syntheses.   182 

In general, as it is the case for NP size, NP crystallinity can be controlled or adjusted either directly by 183 

the living organism synthesizing IONP such as MTB, (22), or indirectly through the adjustment of certain 184 

parameters such as the temperature or pH of the reduction reaction of ferrous/ferric ions into crystallized 185 

IONP, (23, 24, 25). Whereas most IONP were reported to be crystalline, some of them were also described 186 

as being amorphous (table 1). Most NP are probably neither totally crystalline nor totally amorphous. 187 

However, to be sure of that, one would need to use as a reference a scale that measures the level of NP 188 

crystallinity, which could be defined in a standard and notably take into account the presence (or not) of 189 

vacancies, crystalline defaults, alignment or misalignments of crystallographic planes in IONP. To date, 190 

such standard does not exist and the notion of crystallinity applied to IONP is therefore prone to different 191 
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interpretations. Most of time, it would be assumed that IONP observable under electron microscopy with 192 

a solid well-defined nano-metric shape and possibly crystallographic planes would be crystalline, but NP 193 

crystallinity remains a largely undefined notion.   194 

With regard to NP surface charge, which is often described as playing an essential role in IONP anti-195 

tumor activity, (46), notably due to IONP cellular internalization properties, which depend on the value 196 

of this parameter, (47, 48), the following specificities associated with IONP bio-synthesis should be 197 

underlined. In a first case, bio-synthesized IONP are surrounded by a natural membrane that originates 198 

from the organism synthetizing them, and the nature of this material then determines the value of IONP 199 

surface charge. In a second case, the original organic membrane surrounding IONP is removed and 200 

replaced by a synthetic coating. To the author knowledge, this second approach was only followed with 201 

magnetosomes, which were purified to remove most organic materials originating from MTB, and naked 202 

magnetosome minerals were then coated with various compounds that yielded either a positive surface 203 

charge at physiological pH for poly-L-lysine, poly-ethylene-imine, and chitosan, or a negative surface 204 

charge at this pH for carboxy-methyl-dextran, oleic acid, neridronate, and citric acid, (17, 18). In a 205 

biotechnological manufacturing process, this second approach seems more appropriate than the first one 206 

since it enables adjusting the surface charge by accurately choosing NP coating material. 207 

To be injectable to humans, IONP should be sufficiently stable. In biotechnology, one can distinguish two 208 

types of stability, which are firstly the stability during NP administration, i.e. IONP should remain 209 

dispersed with a sufficient homogeneity to be injectable in an organism, and secondly the long term 210 

stability, i.e. IONP should not degrade or lose their activity during a certain time period of typically a few 211 

months so that they can be used when needed within this lapse of time. In most studies, bio-synthesized 212 

IONP were reported to be stable, but it was not specified whether this stability corresponded to a short or 213 

long term one, and in which conditions it was measured, i.e. in which medium and with which method or 214 

equipment. When one describes IONP stability, one should also distinguish the stability of the iron oxide 215 

core, which is probably higher for crystalline than amorphous structures although this has not yet been 216 

determined experimentally for bio-synthesized IONP, from the stability of the coating. The coating is 217 



 11 

most of the time assumed to be the main source of IONP instability, probably because of its non-crystalline 218 

structure or exposure to the surrounding medium, which can be degrading, e.g. through oxidation. IONP 219 

stability is therefore mainly deduced from the stability of its coating. The natural organic coating, which 220 

is made of various biomolecules, phytochemicals, components of leaf or plant extracts, bacterial debris, 221 

proteins, lipids (table 1), may stabilize IONP and prevent the aggregation/sedimentation of these 222 

nanoparticles. However, it will certainly degrade over time and stability studies should examine the 223 

mechanism of degradation of this coating and possibly determine the conditions under which it does not 224 

occur. To the author knowledge, detailed stability studies of bio-synthesized IONP were only carried out 225 

for coated magnetosome minerals, for which it was estabilished that a suspension containing such 226 

minerals mixed in water remain stable up to 100 mg/mL during a few minutes, a time that is sufficiently 227 

long to enable their intra-tumor injection. It was also shown that these particles could be kept in the fridge 228 

for a few months without degrading.  229 

Sterility is another required property of a biotechnological product to enable its administration to a human. 230 

In most studies, sterility of bio-synthesized IONP is neither sought for nor assessed. Unsterile conditions 231 

of IONP fabrication are presented, which implies that IONP resulting from these processes would need 232 

to be sterilized after their synthesis. To the author knowledge, the only bio-synthesis that yielded sterile 233 

IONP was achieved with the magnetosomes by purifying magnetosome minerals originating from MTB 234 

using chemical treatments, i.e. by mixing magnetosomes with detergents, or physical methods, i.e. 235 

through magnetosome heating. Using these processes, it was shown that the LPS concentrations could be 236 

reduced from 2000-12000 EU/mL/mgFe for chains of magnetosomes extracted from MTB without further 237 

treatment in suspension down to 10-200 EU/mL/mgFe for treated coated magnetosome minerals, (18), 238 

hence falling within the range of endotoxin concentrations that is acceptable in a biotechnological product 239 

and shall prevent sceptic shocks on humans, (18).  240 

With regard to immuno-genicity, the administration of magnetosomes in mouse tumors followed by the 241 

application of an alternating field triggered a certain level of immune response, which was highlighted by 242 

the presence of poly-nuclear neutrophiles in the injection region, (19). 243 
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Other aspects, which need to be addressed to enable IONP human injection but are rarely mentioned, 244 

include: i) the type of surfactant/adjuvant used for mixing IONP for injection, i.e. apparently only 245 

magnetosomes were shown to be dispersible in water at high concentrations of up to typically 100 246 

mg/mL, ii) the level of purity of bio-synthesized IONP, i.e. it seems that  only maghemite and magnetite 247 

could reach a very pure iron oxide composition of more than 99.8% in iron compared with other metals, 248 

where such high level of purity was only reported for magnetosomes, (15), iii) IONP organization that 249 

can have an impact on IONP stability/bio-distribution/cellular internalization, which was only studied in 250 

details under different conditions for magnetosomes that organize in chains, hence favoring an 251 

homogenous distribution of these particles by preventing their aggregation, (49), iv) the absence or 252 

presence of specific activity of IONP coating, e.g. it was suggested that a coating made of leaf extracts of 253 

plants Albizia adianthifolia was able to capture free radicals and yield anti-oxidation properties, (50). 254 

Lastly, the nanoparticle production yield (NPY) should be sufficiently large to enable the treatment of a 255 

large enough number of patients suffering from cancer. Although this parameter is very important, it is 256 

almost never mentioned in the literature. Maybe, this is due to the lack of a clear definition.  Indeed, 257 

defining NPY as being simply the quantity of nanoparticles produced per litter or unit volume of IONP 258 

production is incomplete. To be more accurate, NPY should also take into account: i) the duration of 259 

nanoparticle production (DNP), i.e. one could define NPY/DNP instead of NPY, ii) the step at which NPY 260 

is measured, i.e. NPY should preferably be measured when IONP are in their final formulation form where 261 

they are ready for injection and possibly also at some earlier steps of the fabrication process, iii) the type 262 

of element chosen to measure IONP concentration, i.e. in case of IONP one could estimate IONP 263 

concentration from its iron content assuming that IONP activity mainly comes from iron, iv) IONP 264 

fabrication process whose parameters such as pH, temperature, concentration of biological extracts, ratio 265 

between the quantity of iron source and quantity of reducing agents, should preferably be optimized. 266 

Furthermore, the optimization of NPY should lead to a process that reaches a relatively large IONP 267 

production while being compatible with medical regulations. Furthermore, although this point is rarely 268 

discussed in the literature large values of NDPY and NDPY/DNP parameters are in principle only 269 
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necessary for IONP, which are stable over short periods of times, necessitating the rapid production of 270 

the IONP therapeutic dose. In case of very stable IONP, which can be stored for long periods of time 271 

without losing their therapeutic activity, lower values of NDPY and NDPY/DNP could be acceptable. To 272 

the author knowledge, magnetosomes are the only bio-synthesized IONP for which NPY of 10 mg per 273 

liter of growth medium and NPY/DNP of 1 mg per liter per day, have been estimated, using growth 274 

media that are compatible with a biotechnological production, i.e. without CMR chemicals, products 275 

originating from microorganisms (yeast extracts), and heavy metals. As mentioned above, to assess 276 

whether the NPY is sufficient, it should be compared with the therapeutic dose necessary to treat one 277 

patient. Given that such a dose is 0.1 gram of IONP per patient, approximately 10 liters of cultures would 278 

be sufficient to treat one patient. 279 

III. Biocompatibility of bio-synthesized iron oxide nanoparticles. 280 

In general, IONP are considered bio-compatible, (2). However, the majority of chemical synthesis relies 281 

on the use of toxic chemicals such as hydrazine or potassium bi-tartrate that can end up as trace elements 282 

in the final nanoparticle formulation. By using a biological synthesis, it is possible to synthesize IONP 283 

without the use of toxic products. For example, a recent study reported the growth of magnetotactic 284 

bacteria in the absence of any CMR products, yeast extracts, or heavy metals, using a method that is 285 

compatible with pharmaceutical standards, (15). Another interesting factor, which is often mentioned in 286 

the literature and can prevent nanoparticle toxicity, is the biocompatible coating, e.g. made of 287 

phytochemicals, that naturally surrounds IONP following nanoparticle synthesis by a living organism, 288 

(51, 52, 53, 54). Although it is certainly true that the presence of such coating can improve nanoparticle 289 

bio-compatibility, it is not obvious to keep it in a biotechnological process since such coating would be 290 

difficult to fully characterize, to obtain reproducibly with the exact same composition, and to sterilize 291 

without inducing its destruction. This is the reason why an alternative method of preparation has been 292 

suggested with the magnetosomes, which consists in removing the organic coating produced by 293 

magnetotactic bacteria, which is made of biological material such as proteins and lipids, and in replacing 294 
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it by a synthetic coating that can more easily be characterized, (17, 18).  Regarding the bio-compatibility 295 

of these bio-synthesized IONP, it has been highlighted through the following results: i) an absence or 296 

weak cytotoxicity, i.e. a cytotoxicity associated with a percentage of cellular inhibition lower than 30%, 297 

towards different healthy cells such as 3T3 fibroblast cells up to 15 µg/mL of IONP (55), Neuro2A and 298 

HUVEC brain cells up to 150 µg/mL of IONP (56), human red blood cells and macrophages up to 15 299 

µg/mL of IONP (57), or embryonic kidney HEK-293 cells up to 500 µg/mL of IONP (37), ii) no toxicity 300 

towards embryos of zebra-fish for a IONP concentration lower than 5 mg per liter (58), iii) no significant 301 

toxicity towards a number of aquatic organisms such as cyanobacteria, alga, and invertebrate organisms 302 

(59), iv) no acute toxicity up to 2000 mg of IONP per kg of mouse body weight when IONP are given 303 

orally to mice (60). Most interestingly, it was shown that bio-synthesized IONP were less toxic towards 304 

various organisms than amorphous complexes of free iron ions, (35), suggesting that the specific 305 

nanoparticulate formulation can prevent iron toxicity or reduce it compared with that of free iron ions. In 306 

some studies, the toxicity of bio-synthesized IONP was compared with that of chemically synthesized 307 

IONP. For example, it was shown that IONP formed through the reduction of metal ions using aqueous 308 

sorghum bran extracts was rapid and resulted in water-soluble, biodegradable IONP coated with phenolic 309 

compounds, which were less toxic than IONP prepared using conventional NaBH4 reduction protocols, 310 

(61). 311 

IV. Anti-tumor efficacy of bio-synthesized iron oxide nanoparticles. 312 

IV.I. In-vitro anti-tumor activity 313 

Anti-tumor activity of bio-synthesized IONP was essentially highlighted using in vitro cytotoxicity 314 

assessment, where it was shown that such nanoparticles could inhibit the growth of several types of tumor 315 

cells including leukemia (Jurkat cells), breast cancer (MCF-7 cells), cervical cancer (HeLa cells), and 316 

liver cancer (HepG2 cells), (39, 62). To explain this efficacy, some studies have brought forward the role 317 

of the natural IONP coating, e.g. a coating made of rosemary extracts containing polyphenols yielding 318 

anticancer effects, which inhibited the growth of 4T1 breast cells with a larger inhibition for the plant 319 

extracts associated to IONP, i.e. IC50  44 µg/mL, than for the extracts alone, i.e. IC50  100 μg/ml, (37). 320 
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Other studies have reported that IONP toxicity towards human breast AMJ-13 and MCF-7 cancer cells, 321 

could be due to IONP acting as free radical scavengers, yielding anti-oxidant effects, and cellular death 322 

through apoptosis, (50). For some of these nanoparticles, a relative absence of cytotoxicity towards both 323 

tumor and healthy cell lines has been observed for nanoparticle concentration lower than 1 mg/mL (24, 324 

63). 325 

V.II. In vivo antitumor activity 326 

Few studies have reported in vivo anti-tumor activity of bio-synthesized IONP. To the author knowledge, 327 

only magnetosomes were tested to this effect, using two types of suspensions, containing either pyrogenic 328 

chains of magnetosomes directly extracted from MTB without further treatment (CM) or purified non-329 

pyrogenic iron oxide magnetosome minerals stabilized by a  ploy-L-lysine coating (M-PLL). Two types 330 

of GBM tumors were treated, i.e. subcutaneous murine GBM GL-261 tumors of  100 mm3 or intracranial 331 

human GBM U87-Luc tumors of 2 mm3. The protocol of treatment consisted in administering intra-332 

tumorally, through one or two administration(s), 13 µg of CM or 500-700 µg of M-PLL per mm3 of U87-333 

Luc tumors or 25-50 µg of M-PLL per mm3 of GL-261 tumor, followed by 15 to 27 sessions of 30 minutes 334 

of application of an alternating magnetic field (AMF) of 30 mT and 198 kHz (table 2). Temperature 335 

increases reached during the various treatment sessions, which are summarized in table 3, occurred within 336 

a much more important number of sessions for M-PLL than for BNF-starch. Figure 1 illustrates how the 337 

treatment of intracranial and subcutaneous GBM tumors was carried out by using M-PLL (Figure 1(c)), 338 

which originated from chains of magnetosomes (Figure 1(b) and whole MTB (Figure 1(a)), were 339 

administered in subcutaneous GL-261 tumors and intracranial U87-Luc tumors, and excited through 340 

various applications of an alternating magnetic field, which resulted in full tumor disappearance (Figures 341 

1(d) and 1(e)). 342 

The most striking results of these treatments are characterized by (table 2): 343 

 The full tumor disappearance obtained using a low quantity of CMM (13 µg/mm3) among a 344 

significant percentage of treated mice of 40% (19); 345 
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 Tumor eradication among 100% of treated mice reached by increasing the quantity of 346 

magnetosomes from 13 µg/mm3 to 400-800 µg/mm3 (20); 347 

 An anti-tumor efficacy that was more pronounced for M-PLL than for magnetosome chemical 348 

counterparts (BNF-Starch), even so BNF-Starch were re-administered in the tumor a larger number of 349 

times than M-PLL, (4 and 6 mice re-injected for M-PLL and BNF, respectively), and the AMF strength 350 

applied during the first session was higher for BNF (26.5 mT) than for M-PLL (20 mT), table 4, (21), to 351 

attempt reaching similar heating temperatures for both types of nanoparticles; 352 

To explain the superior anti-tumor activity of bio-synthesized IONP formulations compared with their 353 

chemical counterparts, the following explanations, which are summarized in Figure 2, have been brought 354 

forward. Firstly, due to their large size, good crystallinity, and magnetic mono-domain ferrimagnetic 355 

behaviors, magnetosomes display excellent heating properties when they are exposed to an alternating 356 

magnetic field, (53), yielding SAR values that can exceed 1000 W/gFe using AMF of moderately high 357 

strength and frequency of 20 mT and 200 kHz. These SAR values are higher than those usually reported 358 

for chemically synthesized nanoparticles, (64). Secondly, magnetosomes have been shown to internalize 359 

in various cells, where this faculty is enhanced under the application of an alternating magnetic field , 360 

(49), potentially enabling them to release an anti-tumor drugs intra-cellularly such as LPS associated with 361 

CM, (19). Thirdly, tissue biodistribution studies have shown that magnetosomes can form dense assembly 362 

of nanoparticles localized in the tumor region that can help magnetosomes to remain in the tumor during 363 

several treatment sessions, hence resulting in magnetosome tumor bio-persistence. Fourthly, cellular 364 

death induced by magnetosome treatment has been shown to mainly occur through apoptosis, most 365 

probably due to the moderate heating temperatures of 41-45 °C reached during treatment. This is an 366 

important aspect since tumor cells often lose their faculty to dye apoptotically, (65), while apoptotic death 367 

is believed to favor tumor destruction, (66). Indeed, on the one hand apoptotic cells may be captured by 368 

specific macrophages called "tingible body macrophages", hence possibly preventing toxic necrosis. On 369 

the other hand, apoptosis can lead to an immune response against tumor cells through the activation of T-370 

cells and the perforin-granzyme cellular death pathway, (67, 68), making it possible to foresee tumoral 371 
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death at a certain distance from the treated zone, a very interesting mechanism if one wishes to target 372 

metastases or infiltrating tumors, which can’t be all covered with nanoparticles. Finally, the proliferation 373 

of tumor cells has been associated with the loss by these cells of the faculty to die through apoptosis, a 374 

behavior that may come from the presence in these cells of an excess of anti-apoptotic proteins such as 375 

BH3 or a lack of pro-apoptotic proteins such as BAX, (65,69). Fifthly, it was suggested that exposing 376 

magnetosomes to an AMF can trigger the migration of polynuclear neutrophil immune cells (PNN) 377 

towards the magnetosome region, i.e. PNN are observed in this region persistently 3 and 72 hours 378 

following magnetosome injection and 1 to 3 AMF applications. While a direct link between the presence 379 

of PNN in the tumor and anti-tumor activity was not established, it was shown that exposing 380 

magnetosomes to an AMF could trigger a response of the immune system repetitively by applying the 381 

magnetic field several times. For other types of cancer immunotherapies, it was also shown that such 382 

response could under certain specific conditions help to destroy the tumor, (70). 383 

One of the most interesting aspects of these studies lies in the faculty of bio-synthesized IONP to modulate 384 

anti-tumor activity through multiple applications of the alternating magnetic field, and when this is not 385 

sufficient to prevent tumor re-growth through a second nanoparticle administration. Hence, this method 386 

enables obtaining efficient anti-tumor activity by using two different parameters to control anti-tumor 387 

activity, i.e. on the one hand the quantity of active principle (bio-synthesized IONP) in the tumor, and on 388 

the other hand the level of activity of this active principle that is determined by the parameters of the 389 

external source of energy (AMF), which is applied.     390 
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CONCLUSION  391 

In this article, I have presented methods of synthesis of iron oxide nanoparticles by various living 392 

organisms such as bacteria, plants, animals or certain by-products of these organisms. This type of 393 

fabrication presents the advantage of not relying on the use of toxic chemicals. These nanoparticles have 394 

been reported to be composed of various types of iron oxides. Among them, maghemite seems to be the 395 

purest and most stable one. Most studies highlight the presence of an organic layer at the surface of these 396 

nanoparticles, which is believed to strengthen their biocompatibility. However, for biotechnological 397 

applications, it is most probable that it is necessary to remove this layer, since it could be difficult to 398 

characterize it fully and to obtain it identically in a reproducible manner from one batch to the other. In 399 

addition this layer may contain some allergens. I deduced from my bibliographic search that a NP 400 

fabrication process compatible with NP biotechnological needs was only developed for magnetosomes, 401 

which are iron oxide nanoparticles synthesized by magnetotactic bacteria, This process enables purifying 402 

magnetosomes to remove most organic materials and only keep their non-organic iron oxide mineral part, 403 

which is then stabilized by a synthetic coating. Furthermore, it yields NP with favorable properties for 404 

biotechnological applications such as: i) a composition in maghemite that is pure and stable, ii) a surface 405 

charge that can be adjusted by using various coatings, iii) a current production yield of 10 mg of 406 

magnetosomes per liter of growth medium that is sufficient for the foreseen tumor treatment, iv) a 407 

sufficient stability in suspension to enable the administration of these NP at the desired concentration (up 408 

to typically 100 mg of magnetosomes per mL of water), v) NP that do not degrade during a few months, 409 

vi) NP that disperse homogenously and do not aggregate due to their chain arrangement. Whereas bio-410 

synthesized IONP have been described as being bio-compatible and as being able to induce cytotoxicity 411 

towards tumor cells under certain conditions, a detailed evaluation of the anti-tumor activity that such NP 412 

could trigger has only been carried out (to the author knowledge) for the magnetosomes, by notably 413 

showing that it was possible to fully eradicate certain types of GBM tumors in mice such as intracranial 414 

human U87-Luc GBM or subcutaneous GL-261 GBM, by administering magnetosomes in these tumors 415 

and by exposing these mice to several sessions of application of an AMF during which the tumor 416 
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temperature only moderately increased at typically 41-43 °C. In addition of being efficient, it was shown 417 

that this treatment did not induce any observable side effects, possibly due to the moderate heating 418 

temperatures reached during treatment and to magnetosome bio-compatibility. 419 

  420 
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FIGURES:  431 

Figure 1: (a), A TEM image of a typical whole MSR-1 magnetotactic bacterium that produces 432 

magnetosomes used for the treatments. (b), (c) Two TEM images at different scale of non-pyrogenic 433 

magnetosome minerals coated with poly-L-lysine (M-PLL) that display an organization in chains as 434 

observed in Figure 1(b) for CM. (d), For a typical mouse treated by administration of 500-700 µg/mm3 of 435 

M-PLL in intracranial U87-Luc tumors of 2 mm3 followed by 27 magnetic sessions (27 MS), a schematic 436 

illustration of the treatment showing: i) M-PLL intra-tumor administration, ii) tumor BLI during the day 437 

of M-PLL administration, iii) a typical magnetic session during which the mouse is positioned inside the 438 

coil generating the AMF and leading to tumor temperature increases detected by infra-red thermometry, 439 

iv) the disappearance of tumor BLI after 27 magnetic sessions. (e), For a typical mouse treated by 440 

administration of 25 µg/mm3 of M-PLL in subcutaneous GL-261 tumors of 100 mm3 followed by 15 441 

magnetic sessions (15 MS), a schematic illustration of the treatment showing: i) M-PLL intra-tumor 442 

administration, ii) a typical magnetic session during which the mouse is positioned inside the coil 443 

generating the AMF and leading to tumor temperature increases detected by infra-red thermometry, iii) 444 

the disappearance of the subcutaneous tumor after 15 magnetic sessions. 445 

Figure 2: A schematic diagram presenting the different mechanisms that can trigger anti-tumor activity 446 

when magnetosomes are administered in a tumor and further exposed to an alternating magnetic field to 447 

induce localized heat. They can be due to magnetosome high SAR values, magnetosome internalization 448 

in tumor cells, the apoptotic cell death that magnetosomes can activate, the immune response induced by 449 

magnetosomes, closed packed magnetosome distribution that can yield magnetosome bio-persistence in 450 

the tumor. 451 

  452 
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TABLES: 453 

Table 1: For various bio-synthesized IONP, composition, organic part, size, shape, crystallinity, zeta 454 

potential, synthesis method, as well as in vitro and in vivo anti-cancer activities. 455 

Table 2: A summary of the different treatment parameters, indicating: i) the type of nanoparticles 456 

administered in the tumor (MC, M-PLL or BNF), ii) the type of treated tumor, i.e. either intracranial 457 

human U87-Luc GBM tumors of 2-4 mm3 grown inside the brain of nude mice or subcutaneous murine 458 

GL-261 GBM tumors of 100 mm3 grown subcutaneously under the skin of immune-competent mice, iii) 459 

quantities of magnetosomes administered in the tumors, which are comprised between 13 and 700 µg of 460 

nanoparticles depending on nanoparticle/protocol type, iv) the strength/frequency of the applied AMF, 461 

which are 11-31 mT and 198-202 kHz, respectively, v) the number of magnetic sessions, which is 462 

comprised between 11 and 27, vi) the length of each magnetic session that is fixed at 30 minutes, and vii) 463 

the percentages of mice with full tumor disappearance that reflects treatment efficacy and is comprised 464 

between 0 and 100% depending on treatment conditions.  465 

Table 3: The values of the temperature increases (T) obtained during the various treatments presented 466 

whose parameters are given in table 1.  indicates the second injection of the nanoparticles. 1 inject and 2 467 

inject designate protocols with one and two nanoparticle injection(s), respectively. MS1 to MS27 468 

designate the first to the twentieth seventh magnetic session. 469 

Table 4: Heating parameters of the experiment in which 100 mm3 GL-261 subcutaneous GBM tumors 470 

were injected with 25-50 µg of M-PLL per mm3 of tumor, indicating the magnetic field strength used to 471 

reach the indicated maximum temperatures during the first magnetic session, i.e. magnetic field strengths 472 

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 473 

the number of re-injected mice and average magnetic field strength applied during the various sessions 474 

for the protocols using M-PLL and BNF.    475 
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