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CONSPECTUS 

Considerable knowledge has been acquired in inorganic nanoparticles synthesis and 

nanoparticles potential use in biomedical applications. Among different materials, iron oxide 

nanoparticles remain unrivaled for several reasons. Not only they respond to multiple physical 

stimuli (e.g. magnetism, light) and they exert multifunctional therapeutic and diagnostic actions, 

but also they are biocompatible, and they integrate endogenous iron-related metabolic 

pathways. With the aim to optimize the use of (magnetic) iron oxide nanoparticles in 

biomedicine, different bio-physical phenomena have been recently identified and studied. 

Among them, the concept of “nanoparticle’s identity” is of particular importance. Nanoparticles 

identities evolve in distinct biological environments and over different periods of time. In this 

account, we focus on the remodeling of magnetic nanoparticles identity following nanoparticles 

journey inside the cells. For instance, nanoparticles functions, such as heat generation or 

magnetic resonance imaging, can be highly impacted by endosomal confinement. Structural 

degradation of nanoparticles was also evidenced and quantified in cellulo and correlates with 

the loss of nanoparticles magnetic properties. Remarkably, in human stem cells, the non-

magnetic products of nanoparticles degradation could be subsequently reassembled into neo-

synthetized, endogenous magnetic nanoparticles. This stunning occurrence might account for 

magnetic particles naturally found in human organs, especially the brain. However, 

mechanistic details and the implication of such phenomena in homeostasis and disease have 

yet to be completely unraveled. 



This Account aims to assess the short and the long-term transformations of magnetic iron 

oxide nanoparticles in living cells, particularly focusing on human stem cells. Precisely, we 

herein overview the multiple and ever-evolving chemical, physical and biological magnetic 

nanoparticles identities and emphasize the remarkable intracellular fate of these nanoparticles.  
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1. INTRODUCTION 

Nanomedicine emerged in an attempt to overcome the limitations of conventional therapeutic 

and diagnostic approaches. Nanoparticles might, for instance, serve as carriers to deliver 

active ingredients to the target site, which could result in therapy improvement. In terms of 

diagnosis, nanoparticles might not only detect anomalous tissues, but also discerern abnormal 

cells or precancerous lesions. In addition, inorganic nanoparticles could be used as physical 

mediators to treat malignancies upon remote activation with light, magnetism or electric field. 

These remote triggers induce in turn a physical effect (e.g. heat, movement, force) via 

nanoparticles located in situ, resulting in a precise temporal and spatial control of the treatment. 

Such physical approaches are currently being tested in clinical trials (such as Aurolase® 

therapy, mediated by AuroShell® nanoparticles made of a gold nanoshell) or received 

European market approval as a medical device (such as NBTXR3®, hafnium oxide 

nanoparticles, which locally increase the radiation dose). Notwithstanding these novel 

developments, magnetic iron oxide nanoparticles were the first and the only inorganic 

nanoparticle-based drugs (marketed as Feridex® (Endorem®), and Resovist® (Cliavist®)) that 

obtained the marketing authorization as medicinal products and became largely available over 

the globe.  

The ease to synthesize and functionalize iron oxide nanoparticles, their potential as 

multifunctional therapeutics (e.g. hyperthermia or drug delivery agents) or diagnostic tools (e.g. 

magnetic resonance contrast agents), the possibility to magnetically guide them, as well as 

their advantage of being biocompatible, make them particularly attractive for nanomedicine.5-9 

Moreover, iron oxides are being increasingly envisaged as cues to regulate intracellular 

biological processes, or tools for intracellular cargo delivery.10, 11 In regenerative medicine, 

nanotechnology deployed additional therapeutic assets to repair damaged tissues. Owing to 

the potential of magnetic nanoparticles to trace, spatially organize, and stimulate stem cells, 

such versatile nanoparticles portend a paradigm shift to tissue regeneration procedures and 

are tested in numerous preclinical studies.12-15  

However, one major obstacle engineered nanoparticles (including the magnetic ones) still face 

in their therapeutic mission, concerns a decreased stability and loss of targeting potential in 

the complex biological environment.16-21 Indeed, despite efforts to customize nanoparticles 

surface, made with the ambition to deliver nanoparticles to a specific target, the most probable 

nanoparticles’ fate is to end up within endosomes of hepatic and splenic macrophages, where 

nanoparticles undergo gradual “digestion”. Therefore, the topical nano-bio-interface query of 

the current and following decade relates to processes occurring within the (intra)cellular 

environment, which profoundly alters the physical and chemical properties of nanoparticles. 

Because of the difficulty to perform qualitative and quantitative metrics on nanoparticles in situ, 



within concerned subcellular environments, this issue is still overlooked. Moreover, analyses 

are even harder over long periods of time. Nevertheless, the early studies evaluating 

nanoparticles long-term intracellular transformations unanimously lead to the premise that 

intracellular (endosomal) environment transforms nanoparticles identity.19, 21-26 

Finally, while nanotechnology emerged rather recently, magnetic nanoparticles could be traced 

as far back as Archean,27 when magnetic particles allowed organisms magnetotaxis along the 

geomagnetic field.28 And surprisingly, bacterial cells29 are not the only ones capable of 

magnetic bio-mineralization. Magnetite nanoparticles were also found in humans,30-32 but their 

origin (environmental versus biosynthesized) is still subject to discussions.33, 34 We just 

demonstrated that magnetic nanoparticles are no stranger to mammalian cells, as pristine 

human mesenchymal stem cells (MSCs) can also generate magnetic nanoparticles anew, from 

non-magnetic precursors.2, 3  

In this Account, we focus on magnetic nanoparticles, which have an unrivaled advantage for 

therapy, diagnosis, and tissue engineering approaches. In order to apprehend nanoparticles 

full potential, we first describe how the structure and functionality of nanoparticles evolve upon 

cellular processing. In order to provide specific answers that link nanoparticles fate to the 

therapeutic outcome, we describe how endosomal compartmentalization alters both 

nanoparticles theranostics properties and nanoparticles integrity. The latter is lost over time, 

when the iron sheds away from nanoparticles and integrates the endogenous mechanisms 

involved in iron homeostasis. This gradual breakdown of magnetic nanoparticles can be 

monitored and quantified, as the loss of nanoparticles integrity correlates with the loss of 

nanoparticles magnetic properties. Yet, strikingly, the loss of magnetic properties is, in some 

cases, only transient. Within the cells, an intriguing phenomenon can occur, where exogenous 

nanoparticles completely degrade, to endogenously reform anew. 

 

2. THE FIRST STEPS OF NANOPARTICLES INTRACELLULAR JOURNEY: 

INTERNALIZATION AND STORAGE IN ENDOSOMES.  

Many magnetic nanoparticle synthesis methods were developed for prospective medical 

applications, each chemical approach providing different levels of control over nanoparticles 

shape, size, composition, and biocompatibility. The most conventional, easy, and inexpensive 

synthesis method is the co-precipitation,35 which allows obtaining aqueous dispersions of iron 

oxide nanoparticles. The high temperature thermal decomposition process using surfactants 

leads to an excellent control over particle size and monodispersity.36, 37 The resulting 

nanoparticles are hydrophobic and a post-functionalization is necessary for water transfer. 

Aqueous sol-gel methods are used as well, but require the use of heat treatments to obtain 



high crystallinity. The polyol sol-gel process however takes advantage of higher boiling points 

to avoid further heat treatments.38 The resulting nanoparticles have intermediate size 

distribution in between co-precipitation and hydrothermal routes and can be directly dispersed 

in water due to the presence of polyols at nanoparticles surface. Finally, non-aqueous sol gel 

approach, such as the benzyl alcohol route,39 also provides high crystallinity, purity, and 

reproducibility, without the need of surfactants or heat treatment. Subsequently, the extraction 

from benzyl alcohol is required to obtain water dispersion. All these chemical synthesis 

approaches provide a magnetic core, and they all result in the covering of the core by a chosen 

coating. The latter governs nanoparticles stability in aqueous dispersions and also influences 

nanoparticles interactions with cells. However, as soon as the nanoparticles are placed in 

biological environments, such as in cell cultures or inside the body, their surface is readily 

changed by adsorption of adjacent ions and proteins. 

The nanoparticles and protein complexes are then systematically internalized by cells via 

endocytosis (Figure 1a) and stored within the endosomes (Figure 1b-e). At a given incubation 

time, nanoparticles concentration, and nanoparticles features (e.g. coating, shape and size) 

will result in varying quantities of nanoparticles per cell. Magnetic nanoparticles taken up by 

cells can be quantified by the determination of total iron mass or by magnetometry and 

magnetophoretic approaches. The latter correlates the magnetization of the cells to the amount 

of intact nanoparticles. To totally discriminate endogenous iron from nanoparticles-provided 

exogenous iron, iron isotopes with low natural abundance can be used as building blocks for 

nanoparticles.40, 41 Coating can drive differential capture rates, particularly in vitro, mainly due 

to the variation of the nanoparticle charge and the aggregation status, 42 and nanoparticle size 

can control cellular responses.43 The internalization of magnetic nanoparticles can also be 

enhanced by the application of a remote magnet.44, 45 Importantly, the cell-loading procedure 

has to be tightly monitored, as not only the nanoparticles concentration, but also the decrease 

of nanoparticles suspension stability (e.g. aggregate formation) may lead to increased cell 

toxicity.27, 46  

 

3. ENDOSOMAL CONFINEMENT IMPACTS THERAPEUTIC AND IMAGING FUNCTIONS.  

Cellular internalization of magnetic nanoparticles modifies their therapeutic functions. For 

magnetic hyperthermia (Figure 1g), heating was evaluated for nanoparticles in water or in cells 

(Figure 1f)47. Regardless of the type of nanoparticles we tested, it appeared that cellular 

internalization decreased the heating efficiency. Nevertheless, two different behaviors were 

evidenced. When the magnetic core is superparamagnetic and the magnetic relaxation is 

governed by Néel mechanism, the decrease in heat generation (about 2-fold) upon cellular 



internalization is not very pronounced. By contrast, when the magnetic core is ferromagnetic, 

the relaxation is governed by Brownian motion. As the latter is inhibited by the strong 

intracellular confinement of the nanoparticles in the endosomes, the heating is dramatically 

affected (> 10-fold decrease in generated heat). This finding recently led to chemical strategies 

to enable nanoparticle motion in endosomes and restore intracellular magnetic hyperthermia 

efficiency.48 Worthy of note, we just mention here that confinement may affect other 

nanomedicine modalities, such as laser-mediated photothermia. The latter mostly relies on the 

use of plasmonic gold nanoparticles, and an opposite effect could be observed, with an 

increased heat generation in the intracellular environment.49, 50 In a similar way, the intracellular 

confinement of magnetic nanoparticles, which are T2-agents (negative contrast agents) due 

to their high r2 values (transverse relaxivity), is beneficial for magnetic resonance imaging 

(MRI). When confined in cells, the magnetic nanoparticles r1 value (longitudinal relaxivity) 

decreases massively (100-fold or more), while r2 only falls by a factor of 2.5, resulting in a 

remarkable increase in the r2/r1 ratio (almost 10-fold), governing the MRI negative contrast 

(Figure 1h).51 Single cells can thus be tracked by MRI,52 such as lymphocytes (Figure 1i), 

labeled with magnetic nanoparticles, which could be detected and distinguished while 

infiltrating a tumor.53 Cells loaded with magnetic nanoparticles can also be guided using 

external magnets. In this case, the cells magnetization is directly proportional to the amount of 

intact nanoparticles, and is therefore not impacted by the endosomal confinement. We have 

previously described the feasibility of magnetic guiding and showed that nanoparticle-loaded 

cells preferentially migrate to the limb on which an external magnet was placed.54 



 

Figure 1: Endosomal internalization of magnetic nanoparticles and effect of intracellular 

confinement on hyperthermia and imaging applicability. (a) Nanoparticles are internalized 

within cellular endosomes by a simple incubation procedure, where cultured cells are co-

exposed to nanoparticles. (b-e) Nanoparticles confinement in cells’ endosomes shown by 

transmission electron microscopy (TEM); (b) magnetic nanoparticles obtained by 

coprecipitation, (c) Iron (magnetic)/gold nanodimers and (d) magnetic nanocubes, both 

obtained by thermal decomposition, (e) biological magnetosomes extracted from 

magnetotactic bacteria. Data from refs 1-3, 55. (f-g) Effect of intracellular confinement on 

magnetic hyperthermia potential assessed by calorimetry. The heating efficiency of 

nanoparticles compared in water and in cells (f), after exposure to magnetic hyperthermia (g) 



for iron oxide nanoparticles. Data from ref47. (h) Intracellular confinement of the magnetic 

nanoparticles impacts their relaxivity, remarkably increasing their r2/r1 ratio, favorable for their 

use as T2 contrast agents for MRI. Data from ref51. (i) MRI detection of individual lymphocytes 

(white arrows) labeled with magnetic nanoparticles in vivo, in a murine tumor, detected 48h 

after intravenous injection. Data from ref53. 

 

4. INTRACELLULAR MAGNETIC NANOPARTICLES USE IN TISSUE ENGINEERING 

The recent use of magnetic nanoparticles for tissue engineering, as for instance to enhance 

stem cells differentiation, largely motivates the study of their long-term fate within these stem 

cells, whose ultimate vocation is to repair permanently damaged tissue. For these 

bioengineering applications, the magnetic nanoparticle-loaded cells become magneto-

responsive and can be manipulated at distance using magnetic forces (Figure 2a), a powerful 

tool for functional tissue engineering. Magnetic forces were for instance used to compact cells 

and create macro-scale cellular assemblies, without the use of scaffolds (Figure 2b-c). The 

tissues formed can be magneto-mechanically stimulated at a distance using either static or 

dynamic magnetic fields applied via permanent magnets56 or electromagnets,4 respectively 

(Figure 2d). Magnetic stimuli were used to orient the differentiation of stem cells toward specific 

tissue types,57 showing for instance that a cyclic magnetic stretching of embryonic stem cells 

largely increases the generation of cardiomyocytes.4, 56 The magnetic arrangement of cells has 

also been exploited for the development of various tissue structures such as cell spheroids, 

sheets, or rings (Figure 2e-g).57-60 Generally, magnetically labeled cells are attracted toward 

the bottom of a culture dish with a magnet being placed underneath, but cell spheroids could 

also be formed via magnetic levitation, with cells being in suspension at the liquid-air interface 

(Figure 2h).61 



 

Figure 2: Magnetic tissue engineering using magnetically labeled stem cells. (a) After a simple 

incubation, magnetic nanoparticles are internalized within the endosomes of cells. These 

magnetized cells can be directed by remote magnetic forces, using permanent or electro- 

magnets. (b) Homogenous size cell aggregates can be formed magnetically using a patterns 

of magnetic micro-tips. (c) Cell aggregates can be forced to fuse using remote magnetic 

attractors, gradually combining two-by-two, then four-by-four, etc. to form a millimeter-scale 

tissue, here for cartilage tissue engineering. Data from ref57 (d) Cell aggregates can also be 

mechanically stimulated via stretching using movable magnetic micro-tips. Data from ref56 (e) 

Magnetic cell patterning can be achieved on arrays, with cells immediately attracted to the 

surface where the magnetic micro-tips are positioned. Data from ref4 (f-g) Different tissue 



shapes can be achieved such as cell-sheets (f), or rings (g), reproduced with permission from 

refs 58 and 59, respectively, copyright 2007 and 2020 John Wiley & Sons. (h) Cell assembly 

formed after magnetic levitation. Reproduced with permission from ref 61, copyright 2010 

Nature publishing group. 

 

5. CAN MAGNETIC NANOPARTICLES DEGRADE IN VIVO? 

For any use of magnetic nanoparticles for therapeutic or diagnostic purpose, the main issue 

and challenge is to determine nanoparticles long-term fate after achieving their therapeutic 

mission. The initial steps towards the understanding of magnetic nanoparticles fate in the 

biological environment have been to study their transformation in vivo, in rodents. For this, 

magnetic nanoparticles were injected intravenously, and the location and repartition of iron 

were observed in organs, by distinguishing the magnetic from the non-magnetic form.17, 62-64  

Magnetism measurements were performed together with histological and TEM imaging, 

showing the course of nanoparticles degradation within diverse organs. Most of magnetic 

nanoparticles were found within the liver and the spleen. Inside these organs, the nanoparticles 

were located intracellularly, within endosomes. The latter gradually fuse with lysosomes, and 

an acid-induced degradation of the nanoparticles takes place.17 In order to demonstrate how 

exogenous iron integrated endogenous iron metabolism and reuse pathways, iron isotopes 

(e.g. 59Fe or 57Fe) containing nanoparticles were used. Nanoparticle-constituting iron could 

thus be differentiated from endogenous iron (56Fe), with the isotopes being incorporated within 

hemoglobin.40, 41 These in vivo experiments brought a general understanding of iron oxide 

nanoparticles fate within the organism, and more importantly evidenced that magnetic 

nanoparticles degrade. This generated nanosafety interrogations,65 as released iron ions could 

lead to metal toxicity66 as well as Fenton-derived cytotoxicity, which we will discuss further in 

sections 7 and 8 of this Account.  

 

6. CAN BIODEGRADATION BE QUANTIFIED IN CELLULO?   

For regenerative medicine applications involving the labeling of stem cells with magnetic 

nanoparticles, assessments at the entire organism level were insufficient to conclude on the 

intracellular fate of the magnetic nanoparticles, defining the need for in vitro “close-circuit” 

analyses allowing precise quantifications. 

The monitoring of nanoparticles fate in vitro, inside living cells, and on the long term, is not 

simple, due to constitutive cell division and cell death. Chemical models were thus developed, 

consisting of media mimicking the acidic environment of lysosomes.67 TEM imaging was 

subsequently used to visualize in situ the gradual morphological alterations on edges and 



vertexes of magnetic nanocubes, which could be correlated to degradation.68 More recently, 

an in vitro tissue-mimicking model, made of human stem cells, was developed to quantitatively 

assess bio-transformations in the quiescent biological environment.55 This model consists in 

gathering stem cells by centrifugation, after which the cells form a cohesive 3D spheroid that 

can remain viable for months (Figure 3a). The stem cell–spheroids mature as tissues and 

produce a self-secreted extracellular matrix. As cell division stops, nanoparticle dilution is 

avoided. In such models, TEM imaging revealed a loss of structural integrity of internalized 

nanoparticles (Figure 3b-e). Furthermore, the intracellular biodegradation of iron oxide 

nanoparticles was quantitatively monitored using magnetometry measurements (Figure 3f-g). 

The cellular magnetism reflected nanoparticles integrity, and a decrease in magnetism 

indicated nanoparticles degradation. Analyses were made with magnetic nanoparticles 

produced by different synthesis protocols: co-precipitation (rock-like spherical nanoparticles),2, 

55 benzyl alcohol synthesis route (nanospheres),1, 42 high temperature polyol synthesis (flower-

like multicores),69 thermal decomposition (nanocubes or iron oxide gold dimers),55 or bacterial 

synthesis (biogenic magnetosomes).3 Altogether, the results obtained in the stem cell-spheroid 

model confirmed a progressive decrease in magnetism, indicating a degradation of all 

nanoparticles. The latter was almost complete one month following nanoparticles exposure, 

for low doses of internalized nanoparticles per cell (in the 1 pg of iron per cell range), without 

impacting cell differentiation. Besides, the degradation kinetics could be correlated to 

nanoparticles intracellular content (slower degradation at a higher dose)42 and to nanoparticle 

coating (a polymer coating, PAA42 or molecular imprinted polymer (MIP))70, where polymers 

resulted in a slower degradation of nanoparticles in comparison to citrate coated ones). 

Importantly, for all tested iron oxide nanoparticles, nanomagnetism brings substantial 

advantage to quantitatively track nano-transformations within cells.  

For these standard magnetometer analyses, cells and tissues have to be fixed to be 

processed. By contrast, a bench-sized device was recently tested for longitudinal real-time 

monitoring of the degradation of nanoparticles within the same living cells, over several days, 

without affecting either cellular viability or tissue formation (Figure 3g).1 This approach 

confirmed a progressive degradation of the nanoparticles over time and delineated small 

fluctuations in the degradation process, probably linked to biological events. 



 



Figure 3. Biodegradation of magnetic nanoparticles over time evidenced in a 3D stem cell-

spheroid model via magnetic measurements. (a) Upon centrifugation, stem cells are cultured 

in 3D, forming a cohesive structure. Data from ref55 The spheroids remain viable along 

extensive culture periods allowing long-term monitoring of nanoparticles biotransformations. 

(b-e) TEM images of intact nanoparticles in suspension (framed panel) and same 

nanoparticles, internalized and metabolized by cells, visualized after 21 to 25 days of culture 

within the tissue model. Nanoparticles biodegradation in cellulo is demonstrated for a panel of 

nanostructures: (b) iron oxide nanospheres, (c) gold/iron oxide nanodimers, (d) iron oxide 

nanocubes, (e) magnetosomes. Data from refs2, 3, 42, 55.  (f) The magnetic moment of the 

spheroids is obtained via vibrating sample magnetometry (VSM) over time. Results evidence 

a progressive decrease in magnetic iron while total iron remains constant (right panel), 

demonstrating a progressive degradation of the magnetic nanoparticles in the tissue model 

over time. Data from refs2, 55 (g) Magnetometry measurements on the tissue model, in real-

time, while keeping the cells viable were also achieved using a small bench-top magnetic 

sensor device. Data from ref1. Measurements were either obtained punctually (left panel) or 

continuously on a same spheroid (right panel).  

 

7. IRON METABOLISM AS AN ESSENTIAL STEP IN NANOPARTICLES DEGRADATION 

PROCESSES 

Iron is essential in many biological functions.71 The natural human iron metabolism confers a 

particular advantage to magnetic nanoparticles in nanomedicine, as their iron oxide core might 

be bio-assimilated. However, the iron redox properties, which are intimately associated to its 

activity with proteins, also imply a potential Fenton-derived toxicity. To minimize toxicity, 

specific protein systems operate within the body and ‘chaperone’ the metal, allowing its uptake, 

transport, storage, and reuse. 

Upon nanoparticles internalization and concentration within endosomes, others72-76 and us1-3, 

42, 55, 70 not only observed the specific synthetic nanoparticles, but also distinct, more or less 

electron-dense structures, with sizes ranging from 5 to 7 nm. The number of these structures, 

which were identified as ferritin proteins, increased over time, as the number of endosomal 

nanoparticles was decreasing. These structures were present both inside the endosomes and 

inside the cytosol. The role of the ferritin proteins is to intercept the iron ions that are released 

from synthetic nanoparticles, and their structure is the same, regardless of the initial shape of 

cell-internalized nanoparticles, as evidenced in Figure 4. 

A method to address the integration of iron released over nanoparticles degradation, consists 

in assessing the impact of nanoparticles degradation on iron binding proteins expression by 

quantitative PCR. The genes related to iron metabolism include the ones associated to iron 

storage (ferritin/FerrH & FerrL), transport (transferrin/TFR1; dimetal transporters/DMT1), and 

export (ferroportin /SLC40A1). Ionic species released upon the degradation of chemically 



synthesized iron oxide nanoparticles (Figure 4a, 4b, 4d),2, 55 or magnetosomes made by 

magnetotactic bacteria (Figure 4e),3 can all be stored within the ferritin protein core. As a 

consequence, the degradation systematically correlates with an up-regulation of ferritin genes 

expression (Figure 4c, 4f).2, 3, 69 A homeostatic balance in gene expression of transport and 

export proteins is also generally observed, with a decreased expression of TFR1, to limit iron 

uptake by cells, and increased ferroportin, allowing the export of iron excess. 

 

Figure 4: Storage of iron in ferritin proteins, upon ionic release following nanoparticles 

degradation. TEM micrographs of (a) rock-like nanoparticles made by coprecipitation, (b) 

spherical nanoparticles made by benzyl alcohol synthesis, (c) nanocubes made by thermal 

decomposition, and (d) magnetosomes made by bacterial synthesis, internalized in stem cells 

and cultured in cellular spheroids for 21-25 days, showing little if any intact nanoparticles and 

evidencing the approximatively 6-nm electron-dense dots within the endosomes and within the 

cytoplasm of cells. These dots correspond to the ferritin protein, loaded with iron. Increased 

gene expression of the L-subunit of ferritin for cells labeled with rock-like nanoparticles (e) and 

the H-subunit of ferritin for cells labeled with magnetosomes (f) at days 21-25 supports the 

transfer of the released iron into the protein cage. Data from refs3, 55. 

  

8. WHAT HAPPENS NEXT? RECRYSTALLIZATION OF BIOGENIC MAGNETIC 

NANOPARTICLES 

It is now obvious that in the cellular environment, magnetic nanoparticles evolve over time and 

start rapidly degrading. As magnetic nanoparticles mainly consist of an iron oxide core, the 

metal (iron) ions stemming from degraded nanoparticles subsequently integrate the 



physiological iron metabolism pathway and transition into iron depots, the ferritins. Within 

ferritin proteins, the iron is stored in the non-magnetic ferrihydrite form. 

Phenomenally, we just demonstrated that under specific conditions, stem cells can also exploit 

ionic species of iron, released during the process of degradation of nanoparticles made by 

coprecipitation2 or biological magnetosomes3. The ionic species were then used to 

resynthesize novel, biogenic, magnetic nanoparticles (Figure 5). These de novo synthesized 

nanoparticles a priori exhibit a magnetite structure. In our experiment, the internalized 

magnetic nanoparticles were first degraded (within the first 3 days), this degradation correlated 

with a decrease in cellular magnetization. Subsequently, the cells almost completely re-

magnetized, reflecting the re-synthesis of magnetic nanoparticles (Figure 5a-d). These re-

crystallized magnetic nanoparticles made by human stem cells are around 8 nm in size (Figure 

5e-h).  

The neo-synthesis of biogenic nanoparticles most probably involves the ferritin protein, which 

commonly stores the iron in its non-magnetic ferrihydrite form, but can also contain magnetic 

iron phases such as magnetite or maghemite.77 While the biomineralization within the ferritin 

cage naturally occurs in bacteria, the production of magnetoferritin78 from the apoferritin protein 

has been mostly reported in reconstituted in vitro suspension. Nevertheless, the presence of 

magnetism sometimes observed in mammals has recently been attributed to iron-rich 

ferritins.74 Interestingly, the nanoparticles neo-synthetized by human stem cells described 

above,2, 3 have the size of the cavity of the ferritin protein, potentially indicating that 

magnetoferritin could be formed in human cells in case of iron excess. However, detailed 

processes of this biomineralization in mammalian cells have yet to be unraveled. 

Importantly, the biosynthesis of magnetic nanoparticles correlated with no cellular toxicity. This 

innocuousness of in cellulo-synthesized nanoparticles was observed even at high doses of 

intracellular iron (over 10 pg per cell). On the contrary, when biosynthesis did not occur, cellular 

toxicity was detected at these doses. This indicates that biosynthesis might act as a potential 

protective mechanism. 



 

Figure 5: Biomineralization of magnetic nanoparticles anew by human cells following 

degradation of synthetic (8-nm made by co-precipitation) or biogenic (magnetosomes made 

by bacteria) nanoparticles. Data from refs2, 3. (a-d) Magnetometry assessment of the re-

crystallisation process. After internalization in human stem cells of the nanoparticles (a-b) or 

the magnetosomes (c-d), the cells magnetism (a,c) evidences an important decrease from day 

0 to 3 (degradation) followed by a clear increase back between day 3 and 9, indicating the 

synthesis of magnetic nanoparticles anew produced by the cells themselves. The 

magnetization curves obtained at day 3 and day 9 (b,d) clearly demonstrate the emergence of 

a magnetic cellular signal. (e-h) Electron microscopy imaging and analysis of the 

biosynthesized nanoparticles. TEM images show the biosynthesized magnetic nanoparticles 

(8 nm in diameter) located in the endosomes of the cells at day 21 for both the synthetic 

nanoparticles (e) and for the magnetosomes (g).  Selected Area Electron Diffraction (SAED) 

pattern of endosomes filled with biosynthesized nanoparticles (targeted endosome is shown 

in the boxed images) display diffraction rings that can be indexed to lattice planes of magnetite, 

again for both nanoparticles (f) and magnetosomes (h). 

 

9. MAGNETISM IN HUMANS 

The biosynthesis of magnetic nanocrystals in microorganisms is vastly documented and 

exploited; yet, the studies describing the genesis of magnetic crystalline materials in 

mammalian cells are rather scarce. To the best of our knowledge, the studies described above 

were the first to report the possibility for an in situ synthesis of magnetic crystals in human cells 

(precisely, mesenchymal stem cells MSCs).2, 3 Nevertheless, the existence of magnetic 

crystals in human brain samples was evidenced almost three decades ago.30 The spatial 

distribution of magnetite was studied on dissected whole human brains and showed that 

magnetite is preferentially partitioned in the cerebellum and brain stem.79 Individuals (healthy 

subjects and patients suffering from neurodegenerative diseases) were monitored by magnetic 



resonance imaging (MRI) or underwent magnetoencephalography, which allowed tracking and 

quantifying magnetite (Figure 6a-b).80 These analyses revealed the presence of magnetite in 

both populations, but larger amounts were detected in the brain of aging male subjects and in 

patients suffering from neurodegenerative diseases such as Alzheimer. There is now general 

consensus that Alzheimer disease is associated with a strong deregulation of the iron 

metabolism, leading to iron excess.81 It could be thus hypothesized that magnetic nanoparticles 

form due to iron overload and minimize oxidative stress, which would be otherwise massively 

engendered by iron ions. 

After the pioneering works on the brain, magnetic crystals were also found in other human 

tissues, such as the heart, spleen, liver, ethmoid bone, cervical skin, and tumors.30-32, 82-84 The 

source of magnetic crystals has not been clearly ascertained. A large body of literature 

suggests an exogenous origin of magnetic crystals. Exogenous sources mainly include 

atmospheric pollution (particularly diesel exhaust and particulates derived from brake 

abrasion).34 Airborne magnetite can thus penetrate the brain, probably via the olfactory nerve 

(Figure 6c). However, some previous studies also suggested a potential formation of magnetic 

crystals within the human body. This assumption was only recently empirically evidenced in 

vitro in human MSC, either transfected with the magnetotactic bacterial gene mms6, 85 or by 

us in pristine human MSC after exposure to synthetic nanoparticles.2, 3 Interestingly, it has 

been indicated that exogenous magnetic nanocrystals can be distinguished from endogenous 

ones by their shape and their crystal structure.33  

Magnetite crystals might also be the most plausible cause allowing some humans to transduce 

the changes in magnetic fields strength into an active neural response. This conclusion was 

drawn after exposing subjects to very weak magnetic fields (35 μT) oriented along different 

directions, while monitoring the electrical activity of participant’s brains by 

electroencephalography (EEG) (Figure 6d-f).86 When the magnetic field was shifted, the 

participants did not experience any obvious feelings. However, in some participants, the EEG 

revealed a drop in amplitude of their EEG alpha waves. Such responses typically occur when 

persons detect and process a sensory stimulus and could reflect some kind of individual 

differences in navigational ability. The importance of weak magnetic fields was also 

emphasized in orientation studies conducted on animals.87 Migratory birds can for instance 

filter magnetic signals and only respond to those that were environmentally relevant. 

 

 

 



 

Figure 6: Magnetic nanocrystals in the human brain. (a) Higher magnetization intensities 

are detected post-mortem in the brain stem and cerebellum than the cerebral cortex. 

Reproduced with permission from ref79, copyright 2018 Nature publishing group. (b) Magneto-

encephalogram of the brain of healthy human subjects indicates source localization and mass. 

Reproduced with permission from ref80, copyright 2019 John Wiley & Sons. (c) Presence of 

pollution-derived magnetite nanoparticles in the human brain. Reproduced with permission 

from ref33, copyright 2016 National Academy of Sciences. (d-f) Geomagnetic sensing in 

humans. Reproduced with permission from ref86, copyright 2019 Society for Neuroscience. (d) 

Schematic drawing of the Faraday cage was specifically designed for the testing of human 

magnetoreception. (e) Schematic showing the magnetic field rotations used in the experiment. 

The participant sits facing North, while the downwards-pointing field rotates CW (blue arrow) 

from Northwest to Northeast or CCW (red arrow) from Northeast to Northwest. (f) EEG from a 

single channel (Fz) centered over the top of the head. Pink lines show the 100 millisecond 



CCW rotation. Large alpha waves in the pre-stimulus period get smaller following the field 

rotation. 

 

CONCLUSION AND PERSPECTIVES 

Magnetic nanoparticles have an undisputed potential in the medical field. However, the 

scientific community obviously did not gather enough data to obtain a full picture of the 

behavior of magnetic nanoparticles in the biological environment. And yet, such research 

should be performed to vulgarize theranostics applications. The overall identity of a 

nanoparticle is a result of the interplay of its physical, synthetic, and biological identities. For 

magnetic nanoparticles, the magnetic core defines their physical identity and is responsible for 

their multiple functionalities (imaging, heat generation, magneto-responsiveness). Conversely, 

nanoparticles chemical design (size, shape, surface coating) defines the synthetic identity. The 

interactions with biological fluids affect the surface chemistry (and alter nanoparticles synthetic 

identity). Subsequently, the nanoparticles sustain modifications in physiological fluids (undergo 

aggregation, opsonization). These modifications occur under different circumstances, in 

different media (within the blood or inside intracellular compartments) and at different points of 

time, and inflict an ever-evolving biological identity. This has been widely acknowledged, but, 

remarkably, the investigations rarely went beyond the surface - into nanoparticles core. In this 

Account, we sought to consider the evolution of magnetic nanoparticle biological identity from 

nanoparticles surface throughout the core. The biotransformations that occur all through the 

core, and inevitably occur inside the cells, directly affect nanoparticles physical identity. Thanks 

to the development of a stem cells-spheroid model, these transformations could be monitored 

over one month. During this period, the magnetism of the spheroid was systematically used as 

the direct signature of the nanoparticle physical identity. Biotransformations first reshape 

nanoparticles synthetic identity (size, shape, surface moieties/coating) and can subsequently 

lead to nanoparticles total degradation. When this total degradation takes place, ionic species 

are released, which in some cases triggers an ultimate transformation: the intracellular 

magnetic recrystallization, as we observed in pristine stem cells. This empirical evidence of a 

biogenic magnetic synthesis by human cells recalls the natural presence of magnetite crystals 

in humans, particularly in the brain. Studies indicate that a strong dysregulation of the iron 

metabolism can be associated with Alzheimer disease and leads to iron excess. This could 

lead to the hypothesis that magnetic biosynthesis could take place in these conditions and act 

as a protective mechanism to avoid oxidative stress engendered by free iron ions via the 

formation of magnetic iron oxides, such as magnetite, potentially in the core of the ferritin 

protein. Interestingly, this is also consistent with the observation that magnetic biosynthesis 

occurs in stem cells and enables stem cells to resist high doses of iron (delivered by synthetic 

nanoparticles). This iron resistance correlates with both, low toxicity and preservation of stem 



cell differentiation potential. It should also be noted that magnetic particles in humans could 

also be of environmental, and not of biogenic origin. However, the magnetic nanoparticles 

evidenced in the human brain appear to differ in shape, when compared to typical 

environmental nanoparticle pollutants. Nevertheless, it is possible that the fate of chemically 

synthesized magnetic nanoparticles and the fate of environmental nanoparticles might 

converge, meaning that regardless of their origin, nanoparticles might degrade and 

recrystallize anew. In the future, the understanding of the aspects of such intracellular 

bioinorganic synthesis might provide clues explaining the yet unknown origin of naturally 

occurring magnetic nanoparticles in humans, with a potential connection with 

neurodegenerative diseases. Moreover, it might open the gate to novel bioinspired synthesis 

methodologies in the field of bioinorganic chemistry and materials science. 
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Marzán, L. M.; Wilhelm, C., Cancer Cell Internalization of Gold Nanostars Impacts Their Photothermal 
Efficiency in Vitro and in Vivo: Toward a Plasmonic Thermal Fingerprint in Tumoral Environment. 
Advanced healthcare materials 2016, 5 (9), 1040-1048. 
50. Sangnier, A. P.; Van de Walle, A. B.; Aufaure, R.; Fradet, M.; Motte, L.; Guenin, E.; Lalatonne, 
Y.; Wilhelm, C., Endosomal Confinement of Gold Nanospheres, Nanorods and Nanoraspberries 
Governs Their Photothermal Identity and Is Beneficial for Cancer Cells Therapy. Advanced Biosystems 
2020. 



51. Di Corato, R.; Gazeau, F.; Le Visage, C.; Fayol, D.; Levitz, P.; Lux, F.; Letourneur, D.; Luciani, N.; 
Tillement, O.; Wilhelm, C., High-Resolution Cellular Mri: Gadolinium and Iron Oxide Nanoparticles for 
in-Depth Dual-Cell Imaging of Engineered Tissue Constructs. ACS nano 2013, 7 (9), 7500-7512. 
52. Sharifi, S.; Seyednejad, H.; Laurent, S.; Atyabi, F.; Saei, A. A.; Mahmoudi, M., 
Superparamagnetic Iron Oxide Nanoparticles for in Vivo Molecular and Cellular Imaging. Contrast 
media & molecular imaging 2015, 10 (5), 329-355. 
53. Smirnov, P.; Poirier‐Quinot, M.; Wilhelm, C.; Lavergne, E.; Ginefri, J. C.; Combadière, B.; 
Clément, O.; Darrasse, L.; Gazeau, F., In Vivo Single Cell Detection of Tumor‐Infiltrating Lymphocytes 
with a Clinical 1.5 Tesla Mri System. Magnetic Resonance in Medicine: An Official Journal of the 
International Society for Magnetic Resonance in Medicine 2008, 60 (6), 1292-1297. 
54. Kolosnjaj-Tabi, J.; Wilhelm, C.; Clément, O.; Gazeau, F., Cell Labeling with Magnetic 
Nanoparticles: Opportunity for Magnetic Cell Imaging and Cell Manipulation. Journal of 
nanobiotechnology 2013, 11 (1), 1-19. 
55. Mazuel, F.; Espinosa, A.; Luciani, N.; Reffay, M.; Le Borgne, R.; Motte, L.; Desboeufs, K.; Michel, 
A.; Pellegrino, T.; Lalatonne, Y.; Wilhelm, C., Massive Intracellular Biodegradation of Iron Oxide 
Nanoparticles Evidenced Magnetically at Single-Endosome and Tissue Levels. ACS nano 2016, 10 (8), 
7627-7638. 
56. Du, V.; Luciani, N.; Richard, S.; Mary, G.; Gay, C.; Mazuel, F.; Reffay, M.; Menasche, P.; Agbulut, 
O.; Wilhelm, C., A 3d Magnetic Tissue Stretcher for Remote Mechanical Control of Embryonic Stem Cell 
Differentiation. Nature communications 2017, 8 (1), 1-12. 
57. Fayol, D.; Frasca, G.; Le Visage, C.; Gazeau, F.; Luciani, N.; Wilhelm, C., Use of Magnetic Forces 
to Promote Stem Cell Aggregation During Differentiation, and Cartilage Tissue Modeling. Advanced 
Materials 2013, 25 (18), 2611-2616. 
58. Shimizu, K.; Ito, A.; Lee, J. K.; Yoshida, T.; Miwa, K.; Ishiguro, H.; Numaguchi, Y.; Murohara, T.; 
Kodama, I.; Honda, H., Construction of Multi‐Layered Cardiomyocyte Sheets Using Magnetite 
Nanoparticles and Magnetic Force. Biotechnology and bioengineering 2007, 96 (4), 803-809. 
59. Zwi‐Dantsis, L.; Wang, B.; Marijon, C.; Zonetti, S.; Ferrini, A.; Massi, L.; Stuckey, D. J.; 
Terracciano, C. M.; Stevens, M. M., Remote Magnetic Nanoparticle Manipulation Enables the Dynamic 
Patterning of Cardiac Tissues. Advanced Materials 2020, 32 (6), 1904598. 
60. Frasca, G.; Gazeau, F.; Wilhelm, C., Formation of a Three-Dimensional Multicellular Assembly 
Using Magnetic Patterning. Langmuir 2009, 25 (4), 2348-2354. 
61. Souza, G. R.; Molina, J. R.; Raphael, R. M.; Ozawa, M. G.; Stark, D. J.; Levin, C. S.; Bronk, L. F.; 
Ananta, J. S.; Mandelin, J.; Georgescu, M.-M., Three-Dimensional Tissue Culture Based on Magnetic 
Cell Levitation. Nature nanotechnology 2010, 5 (4), 291-296. 
62. Mejías, R.; Gutiérrez, L.; Salas, G.; Pérez-Yagüe, S.; Zotes, T. M.; Lázaro, F. J.; Morales, M. P.; 
Barber, D. F., Long Term Biotransformation and Toxicity of Dimercaptosuccinic Acid-Coated Magnetic 
Nanoparticles Support Their Use in Biomedical Applications. Journal of Controlled Release 2013, 171 
(2), 225-233. 
63. Rojas, J. M.; Gavilán, H.; del Dedo, V.; Lorente-Sorolla, E.; Sanz-Ortega, L.; da Silva, G. B.; Costo, 
R.; Perez-Yagüe, S.; Talelli, M.; Marciello, M., Time-Course Assessment of the Aggregation and 
Metabolization of Magnetic Nanoparticles. Acta biomaterialia 2017, 58, 181-195. 
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