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Abstract 

 

With advancing developments over the use of magnetic nanoparticles in biomedical engineering, and 

more specifically cell-based therapies, the question of their fate and impact once internalized within 

(stem) cells remains crucial. After highlighting the regenerative medicine applications based on 

magnetic nanoparticles, this review documents their potential cytotoxicity and, more importantly, 

underscores their valuable features for stem cell differentiation. It then focuses on the transformations 

magnetic nanoparticles might experience in cells, mainly consisting in their progressive degradation, 

and assesses the practical pitfalls related to this degradation. First, it may result in a loss of long-term 

theranostic potential, and second, it necessitates an adaptation of the cell metabolism to the released 

iron. Overall, this review demonstrates that magnetic nanoparticles present undeniable interest for stem 

cell-based biomedical applications; however, each nanoparticle/cell system must be carefully considered 

for a safe medical use. It also clearly evidences that the biodegradation of the nanoparticles and the cell 

response to the released iron must be systematically assessed. 
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1. Introduction 

 

Nanotechnology holds the potential to transform the field of medicine by permitting the development of 

combined and remote theranostic applications. To this effect, multiple nanoparticle configurations have 

been the subject of intensive research, each of which can be readily interfaced with living cells due to 

their size compatibility, and each possessing exploitable and unique therapeutic properties [1]. 

Naturally, over 200 nanotechnology-enabled products have already undergone full clinical trials, and 

the field keeps expanding. Tailored treatments, such as a patient-specific targeted drug release that 

minimizes systemic toxicity, have become the current focus of nanoparticle-based therapy. 

Within this field of research, magnetic nanoparticles are featured prominently in the development of 

new diagnostic and therapeutic methodologies, where they pose an exciting prospect due to their 

inherent properties [2,3]. For instance, their ability to generate a local magnetic field makes them 

relevant magnetic resonance imaging (MRI) contrast agents [4]. Due to their strong magnetization 

values, they have been mainly studied as T2 contrast agents, but recent efforts have focused on improving 

their use as T1 contrast agents while further increasing T2 contrast [5–9]. Magnetic-activated cell sorting 

(MACS) also uses superparamagnetic nanoparticles with specific targeting antibodies [10] as a standard 

procedure for the sorting of cell populations, with applications in cancer, stem cell and immunology 

research, among others [11]. With the advent of microfluidic integration [12–14], magnetic cell sorting 

has become highly relevant in the field of cancer clinical diagnostics, where it is used and studied for 

capturing and sorting of circulating tumor cells [15–18]. Magnetic nanoparticles have also been used 

for cancer therapy via magnetic hyperthermia, or heat generation after exposition to an alternating 

magnetic field, that is currently under clinical trials for the treatment of prostate carcinoma [19,20] and 

glioblastoma [21,22]. Recent efforts have focused on the optimization of the heating efficiency by 

producing new designs [23], such as nanocubes [24] or multicore nanoparticles [25]. Phototermal 

therapy, a second hyperthermal modality with higher heat generation potential per nanoparticle, has also 

emerged [26–28]. 

Recently, the regenerative medicine and tissue engineering fields have found a surge of interest for 

magnetic nanoparticles, using their magneto-mechanical potential as an innovative approach to spatially 

organize [29–31] and stimulate [32] stem cells. Magneto-mechanical forces have for example been used 

for stem cell differentiation into the chondrogenic [33,34], adipogenic [35] or mesodermal cardiac 

pathways [36]. In most of these applications, the necessary step to endow the cells with the pursued 

theranostic properties consists in the internalization of magnetic nanoparticles in their intracellular 

environment. It should be noted first that nanoparticle internalization does not impair the cellular 

magnetic force generated, being directly the sum of the magnetic moment of each nanoparticle 

independently of its location, an essential feature in cell targeting, drug delivery and tissue engineering 
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applications. What remains to be explored extensively then are the ultimate fate and biotransformations 

that nanoparticles undergo after cellular uptake and endosomal confinement. Importantly, for most 

theranostic applications the typically used nanoparticles are iron oxide-based [37], and iron is a naturally 

occurring bio-element with its own metabolic pathway in mammals. In the organism, it has been 

described that iron oxide nanoparticles injected intravenously are internalized, mostly in macrophages, 

then join the iron pool and integrate into the natural iron metabolic pathway. Conversely, the degradation 

of iron oxide nanoparticles may transform iron oxide into unbound iron ions, which can trigger the 

generation of reactive oxygen species via the Fenton reaction, leading to oxidative stress and subsequent 

cell damage [38]. 

Anti-cancer therapies take advantage of these features by targeting the iron metabolism [39], with the 

ultimate induction of cell death through ferroptosis [40]. At the opposite, for regenerative medicine 

applications, any cell damage must be avoided. The relationship between degradation of magnetic 

nanoparticles and cellular cytotoxicity is not quite clear yet, or at least has not been directly 

demonstrated. Besides, it is important to highlight that biodegradation of magnetic nanoparticles may 

not only severely impact their long-term stability, but also decrease their magnetic moment and thus 

their theranostic potential in the process. Indeed, as shown previously in a stem cell-tissue model, long-

term nanoparticle degradation translates into a marked decrease of cell magnetization [41]. Strategies to 

prevent nanoparticle degradation should then be envisaged to maximize long-term theranostic potential 

and possibly avoid any source of toxicity. For instance, fine tuning of a gold shell [42,43] or a polymeric 

coating [44] could shield the nanoparticles from degradation and maintain their integrity and magnetic 

properties.  

Given the upsurge of interest for magnetic nanoparticles in the regenerative medicine field and the 

challenges imposed by their degradation on their potential cytotoxicity as well as their theranostic 

applicability, this review will focus on the interplay of these three topics. First, it will summarize the 

potential of magnetic nanoparticles for regenerative medicine applications, using mostly stem cells as 

the basis of regeneration, including imaging of stem cell grafts and magnetic stem cell targeting and 

tissue engineering, among others. Then, discussion will shift to the impact magnetic nanoparticles may 

have on the differentiation of stem cells, keeping in mind that differentiation processes take weeks and 

are an indicator of long-term toxicity. Finally, this review will assess a potential correlation between 

long-term toxicity, intracellular transformations of the nanoparticles, and the alteration in the expression 

of genes related to iron metabolism. The aim is to draw up the most comprehensive inventory of the 

reported quantified changes in cellular iron metabolism with time.  



5 
 

2. Magnetic nanoparticles for cell-based therapies and regenerative 

medicine 

 

Magnetic nanoparticles have a direct applicative potential in biomedicine (Fig. 1). They were first 

developed as contrast agents for MRI and their range of applications keeps expanding. The number of 

clinical trials and the increasing amount of products approved by regulatory boards indicate this growing 

interest. Treatments already at disposition in the clinic include MRI contrast agent for liver lesions 

(Resovist®), sentinel node detection (Sienna+®), magnetic hyperthermia for brain tumors 

(Nanotherm®), and treatment of iron deficiency anemia in adults (Feraheme®) [2]. Upon these initial 

clinical successes, further applications for the regenerative medicine field keep being explored.   

 

2.1. First generation of applications: Cell tracking 

 

The first generation of magnetic nanoparticles have been developed for MRI imaging, where they act as 

contrast agents and can be used for cell delivery with the advantage of tracking (Fig. 1A-C). With this 

approach, location of the cells can be non-invasively monitored [45]. A pioneer paper looking at cell 

tracking for the repair of brain injury is from 2002 [46]: the fate of implanted cells was followed for the 

first time in situ and in vivo, it was a major step toward the assessment of treatment success. Such MRI 

tracking remains an asset in evaluating current therapies [47–49], especially with the continuous 

emergence of treatments in regenerative medicine and tissue engineering, as it opens up to opportunities 

of treatment monitoring for diseases needing stem cell therapy. In the last two decades, the method has 

been investigated by Bulte et al. for the monitoring of stem cells in conditions including neurological 

diseases [50–52] and myocardial infarction [53], and by Hoehn et al. [46] and Zhang et al. [54] for the 

monitoring of stem cells in stroke. More recently, it has been established that mesenchymal stem cells 

(MSCs) labeled with superparamagnetic iron oxide nanoparticles home to the infarcted myocardium and 

can be detected by MRI up to three weeks post-injection into the ischemic area of rats [55]. In pig 

models, Ferumoxytol® has also proven to be a reliable labeling method to track cardiac progenitor cells 

derived from embryonic stem cells for up to 40 days [56]. Magnetically-labeled neural stem cells have 

also been successfully transplanted into mice striatum and differentiated into neurons and astrocytes, as 

observed by MRI [57]. Similarly, adipose-derived stem cells labeled with iron oxide nanoparticles can 

be tracked in vivo for up to five weeks, showing promise in the treatment of osteoarthritis [58]. Magnetic 

particle imaging (MPI) emerged in 2005 as an alternative imaging technique, pioneered by Bernhard 

Gleich and Jürgen Weizenecker from the Philips Research  Laboratories of Hamburg [59]. This 

technique images superparamagnetic iron oxides tracers by directly measuring their response to 

magnetic fields using relaxometry. MPI provides high resolution spatial and temporal distribution of 
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tracers and has the advantage of presenting no background noise as the human body does not typically 

hold magnetic interference. Using MPI, the tracking and monitoring of implanted neural cell grafts in 

the brain of rats has for example been achieved over three months [60]. 

 

2.2. Second generation of applications: Magnetic cell manipulation 

 

Magnetic nanoparticles obey the Coulomb’s law and can be manipulated at a distance by an external 

magnetic field gradient. The intrinsic penetrability of magnetic fields into human tissues, combined with 

the possibility of acting on these nanoparticles at a distance leads to applications involving the transport 

and/or immobilization of cells. These properties are being used to direct cells toward specific sites, 

create tissues, and control cell function. 

 

2.2.1. For cell delivery to specific organs 

 

A challenge in cell-based therapies is to direct and retain stem cells or engineered cells at the site of 

damage. Developing new ways of delivering cells to diseased tissues will be a key factor in translating 

cell therapeutics research into clinical use. In this context, magnetic targeting has emerged as a new 

strategy to aid delivery, increase retention, and enhance the effects of stem cells for a long-lasting and 

effective therapy. It has been shown in vitro with pre-programmed magnetic micro-‘hot spots’ [61] or 

fluid flow models [62] and in vivo [63,64] that cell migration can be directed at the microscale level 

using magnetic nanoparticles (Fig. 1C). A first demonstration of cell delivery feasibility in vivo was 

performed with rat MSCs that were labeled and targeted magnetically by applying an external magnetic 

field to the upper hemisphere of a rodent retina [65]. Such methodology allowed cell migration through 

the blood stream to the targeted brain area. Magnetic targeting has since been applied to a number of 

areas (in small rodents mostly) such as the brain [66], the spinal cord [67–69], bones [70,71], articular 

cartilage [72,73], and skeletal muscle [74,75]. Initial clinical translation has been performed for the 

repair of articular cartilage defects in five patients [76] by injecting magnetically labeled MSCs into the 

knee joint and attracting cells to the surface of the lesion using a compact magnet attached to a suitable 

position around the knee joint for 10 min. The efficacy of the targeting was confirmed by MRI with a 

complete coverage of the defect and significant improvement in clinical outcomes was observed 48 

weeks after treatment. 
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2.2.2. For 3D tissue assembly 

 

The field of tissue engineering is attracting increased attention mostly due to the lack of clinically 

relevant implants and organs for surgical repair of defects. A challenge in the field is the specific 

manipulation of cells to both create organized tissues and drive their appropriate functionalization. 

Magnetic nanoparticles have proven their use to facilitate these processes [77,78]. They have been used 

to create localized cell layers (e.g. attract endothelial cells on the lumenal surface of blood vessel 

[79,80]), organize a vascular network [81], create cell-sheets [82,83], and develop tissues (e.g.  cartilage 

[34], bone [82,84], skeletal muscle [83]). They allow the manipulation of independent cells up to 

forming cell spheroids that can be assembled magnetically in cm-large (macro-scale) tissues, leading to 

the development of scaffold-free replacements [33,85–87]. These tissue blocks can be engineered by 

various techniques, including seeding on top of permanent micromagnets or magnetic levitation (Fig. 

1D). For the magnetic levitation, an external magnetic field levitates and concentrates cells suspended 

in medium at the air-liquid interface, where they aggregate to form larger 3D cultures [88,89]. These 

approaches allow for control of cell mass geometry and guided, multicellular clustering of different cell 

types in co-culture through spatial variance of the magnetic field [90]. More complex tissue structures 

can be assembled this way more easily than with more conventional scaffold-based tissue engineering 

strategies: scaffold-free cellular rings or sheets can for example be produced (Fig. 1E-F). Organized 

cellular assembly with multiple cell types can also be facilitated. Additionally, magnetic approaches 

allow guiding cells within thick scaffolds: for instance magnetically labeled stem cells have been 

compacted within a thick matrix, allowing for better differentiation down the chondrocyte lineage 

[34,85].  

 

2.2.3. To control cell function 

 

In addition to being a tool for tissue development, magnetic nanoparticles have been applied to 

intracellular and extracellular signal control of cells [91]. Cell functions are mainly modulated by growth 

and bioactive factors that bind to membrane receptors; however, mechanotransduction pathways 

responding to mechanical stresses can also influence and control cellular behaviors [92] and have 

beneficial effects on stem cell differentiation and tissue formation [93,94]. Over the more classical 

bioreactor approach to generate mechanical forces, magnetic force-based methodologies have the 

advantages of remote control with spatial and/or temporal precision. Upon nanoparticles internalization 

in cellulo, localized nanoparticle-mediated forces can be applied and trigger signal transduction 

pathways leading to cellular response [95,96]; they can for example be used to apply forces (tensile or 

compressive) on stem cells, drive their differentiation [36] and improve their therapeutic potential [97] 

(Fig. 1G). Functionalized nanoparticles can also be used to activate specific cell surface 
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mechanoreceptors and initiate their signaling response [98,99] (Fig. 1H). Magnetic nanoparticle-

triggered aggregation of specific receptors has also been shown to be able to trigger T cell activation 

and the subsequent inhibition of melanoma [100], as well as the inhibition of apoptosis in vitro and in 

vivo when conjugated to a cell death targeting antibody [101]. Other works have also focused on the 

effects of mechanical stimulation triggered by magnetic nanoparticles in neurons, where it can promote 

cell growth by targeting signaling endosomes [102], trigger calcium influx through mechano-sensitive 

ion channels [103] and induce cell displacement by altering the cytoskeleton [104]. Lastly, the delivery 

of genetic materials into stem cells in a highly efficient and controlled manner could also be facilitated 

using magnetic nanoparticles complexed with siRNA or pDNA [37]. 

 

Magnetic hyperthermia with nanoparticles, typically a cancer treatment therapy, has in recent years 

found a new use as a cell function regulator. It can, for instance, target and locally activate specific 

temperature-sensitive (TRPV1) cation channels, triggering an action potential in neurons [105–107] or 

the release of bioengineered insulin in mice tumors [108]. After application of a magnetic hyperthermia 

treatment, surviving bone cancer cells showed an increased expression of alkaline phosphatase (ALP), 

an early marker of osteogenesis, demonstrating the potential of such a thermal effect in inducing 

differentiation [109]. 
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Fig. 1: Applicative potential of magnetic nanoparticles in biomedical engineering. Labeling of stem 

cells with magnetic nanoparticles is a promising tool in regenerative medicine, for applications such as 

cell tracking by means of MRI, direction of cell function or for the creation of tissues. A-B) Labeled 

cells can be tracked by MRI, which allows cell monitoring in vivo (A, extracted and modified from [57]). 

Magnetic resonance can also be used to target cells at a given site in vivo (B, extracted and modified 

from [110]). C-E) Tissues can be developed by guiding cells magnetically. Stem cells can this way be 

aggregated as spheroids either by magnetic compression or levitation at the fluid interface with air (C, 

extracted and modified from [33] and [111]). Other tissue shapes such as rings (D, extracted and 

modified from [83]) or cell sheets (E, extracted and modified from [112]) have also been developed. F-

G) Cell function can be modulated at a distance by applying forces magnetically that induce stem cell 

differentiation toward responding pathways, such as osteogenic differentiation with compression or 

cardiac with tensile forces (F, extracted and modified from [113] and [36]). G) Signaling pathways can 

be triggered magnetically, including those that induce stem cell differentiation (extracted and modified 

from [114]). 
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3. Impact of magnetic nanoparticles on stem cells 

 

3.1. Synthesis of magnetic nanoparticles 

 

Numerous chemical methods can be used to synthesize magnetic nanoparticles: coprecipitation of iron 

salts [115–118], sol-gel synthesis [119] including microwave assisted ones[120], hydrothermal reactions 

[121], hydrolysis and thermolysis of precursors [122], synthesis in microemulsions [123], flow injection 

synthesis [124],  electrospray synthesis [125] and microfluidic flow synthesis [126–130]. In the frame 

of this review we will only cover very briefly the main bottom-up chemical preparation routes in bulk, 

which paved the way to the field of biomedical applications such as cell-based therapies.   

The coprecipitation method is one of the most popular reported methods in the literature for the 

preparation of magnetic nanoparticles [131]. It is a facile and a convenient way to synthesize 

biocompatible iron oxides (either Fe3O4 or γ-Fe2O3) in water from a stoechiometric aqueous Fe2+/Fe3+ 

salt solutions by addition of a base under inert atmosphere at room temperature or elevated temperature. 

The first controlled preparation of superparamagnetic iron oxide particles was performed by Massart in 

the 1980th by alkalinisation of an aqueous mixture of FeCl3 and FeCl2 salts [132]. By modulating the 

synthesis parameters (pH, iron ratio, ionic strength, etc), magnetic nanoparticles with a rock-like shape 

morphology and a mean diameter ranging between 4 to 16 nm can be prepared with a good 

reproducibility [115]. By varying the reaction conditions, the size can be increased to up to 40 nm. In 

addition to the biocompatibility of the nanoparticles, they are synthesized at a large scale, allowing their 

easy and fast translation to any application including in the biomedical field. To decrease the 

polydispersity of the obtained nanoparticles, size sorting can be used to achieve by this process a narrow 

particle size distribution. Moreover, the synthesized particles are obtained without any surfactant. 

Consequently they can be coated by a wide range of molecular species such as amino acids, α-

hydroxyacids (citric, tartric, and gluconic acids)[133], hydroxamate (arginine hydroxamate) [134], 

dimercaptosuccinicacid (DMSA)[135,136], or phosphoryl choline [137], polyelectrolytes and polymers 

including poly-(ethylene glycol) chains to increase their resistance to biological environnements [138]. 

Co-precipitation is also used for the preparation of ferrites, by replacing a part of the Fe2+ by another 

divalent cation such as Sr2+, Ba2+, Zn2+, Ni2+, Co2+, Mn2+ in the starting solutions. Since maghemite 

(Fe2O3) shows less toxic effects than magnetite or other divalent ferrites, maghemite nanoparticles find 

increasing application for medical purposes [139].  

Decomposition of organometallic compounds in high-boiling organic solvents containing stabilizing 

surfactants is a procedure that has also been widely used to produce magnetic nanoparticles. In this 

protocol the nanoparticles are obtained with high level of monodispersity and crystallinity. The size and 

morphology of the nanoparticles can be controlled by adjusting the reaction times, as well as the aging 
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period, the temperature, the concentration and ratios of the reactants, the nature of the solvent, of the 

precursors, and the addition of seeds. Shapes such as nanocubes can be also prepared by the thermal 

decomposition method [140]. These high-quality synthesized nanoparticles are initially dispersed in 

organic solvents, and post preparative methods are required to make them water-soluble. 

Another promising method for the synthesis of uniform and water-soluble nanoparticles that could be 

used in biomedical applications is the polyol technique. In this process, owing to their high dielectric 

constants, polyols (for example ethylene glycol, diethylene glycol) are used as solvents to dissolve 

inorganic compounds. They also play the role of reducing agents, and of stabilizers, allowing to control 

the particles growth and prevent interparticle aggregation [141]. Moreover, thanks  to their relatively 

high boiling points, they also offer a wide range of operating temperatures for producing inorganic 

compounds [142]. This chemical approach has been described for the preparation of well-defined shapes 

(spheres, clusters, raspberry, multicore flowers) and controlled sizes (5 -50 nm) of oxides nano- and 

microparticles [8,143–153]. The resulting nanoparticles in the polyol process are highly crystalline with 

a high magnetic saturation. Moreover, they can be easily dispersed in aqueous media and other polar 

solvents because their surface contains many hydrophilic ligands. The surface can also be modified with 

different ligands such as citrate after several washing steps to eliminate the excess of polyols. 

By comparing the three processes, the co-precipitation method remains the easiest and the most reliable 

to implement in a laboratory at a large scale, in addition to being the most economical and green 

compared to the others. No special precursors, high boiling solvents, temperature gradients control or 

multi- post-preparative steps are required at the end of the synthesis. A large amount of biocompatible 

magnetic nanoparticles can be produced and their surface modified on demand with different ligands to 

fulfill the desired requirements.  

 

3.2. Do magnetic nanoparticles affect cellular functions?  

 

Assessing the toxicity of magnetic nanoparticles and their further impact on cellular function is a 

requirement for their safe establishment in the clinic. This has been largely explored in the community, 

with numerous studies specifically devoted to toxicological analyses. What has in some cases been 

reported (mostly in vitro) are negative effects of the nanoparticles at the molecular and cellular levels, 

i.e. altered actin cytoskeleton, affected focal adhesion-mediated cell signaling pathways, reduced cell 

motility, transformed cell cycles and disruption of the cell membrane, among others, which can result 

in diminished cell viability [154–157]. Genotoxic effects have also been described with DNA damage, 

chromosome aberrations, and production of micronucleus all having been observed [158]. From these 

results, the use of magnetic nanoparticles in the clinic can seem irrelevant and unsafe; however, 
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contradictory data are even more frequent, with a large number of studies reporting no adverse effect 

neither on stem cells nor on other typical cell lines [158–160].  

It has also become apparent that in vitro models, despite being crucial for comprehensive and 

quantitative assessment, do not represent the full complexity of the organism. In vivo studies that involve 

uptake and distribution of the nanoparticles in the body are necessary as they consider another level of 

complexity. Indeed, in vivo the nanoparticles are in contact with biological fluids and, immediately after 

injection, they interact with the plasma proteins (opsonins) which results in the adsorption of these 

proteins on their surface. This process, named opsonization, will take place at different rates depending 

on the nanoparticle features, particularly its coating nature [161,162]. Toxicology results obtained in 

vivo in diverse animal models (e.g. rats, mice, chickens, monkeys, dogs) have also showed controversial 

results. They demonstrated a dose-dependent effect of magnetic nanoparticles, with, at higher doses, 

increased micronucleus occurrence, increased DNA breaks, weakened inflammatory reaction, though 

no adverse effects were frequently observed [158,163]. 

What has been deduced from all these studies is that biosafety depends on an interplay of factors 

influencing the interactions between nanoparticles and cellular components. Among them, the structure 

of the nanoparticles needs to be carefully considered and several parameters have been specifically 

assessed: their shape, size, and coating [164,165]. The shape strongly influences the physiochemical 

properties of the nanoparticles but the various geometries do not seem to have an impact on toxicity 

[165]. Second, the size has been determined to play a role in cellular internalization and clearance. In 

vivo, large nanoparticles (> 100 nm) will for example be quickly removed from the blood stream by the 

spleen and liver [166,167]. In vitro, size has also been linked to varying internalization rate and was 

shown to have an impact on biocompatibility, with for example an increase in size from 4 to 8 nm 

leading to increased internalization as well as increased biocompatibility when comparing a same 

internalized dose [168]. Finally, the coating, anchored at the surface of the nanoparticle, impacts both 

the inter-nanoparticle interactions and the interactions with the biological environment [169]. The first 

function of the coating is to prevent clustering of nanoparticles prior to cell internalization. Coating is 

also responsible for the surface charge of the nanoparticles, with charged coatings known to promote 

interaction with cells in contrast to neutral ones [170,171].  

To conclude, the structure of magnetic nanoparticles (i.e. size, shape, and coating) directly influences 

their internalization, meaning the “dose” of nanoparticles in the cell. This dose also depends on cell type 

variations [159,168] and, naturally, on the incubation concentration as well as time of exposure. It seems 

to be the main factor of toxicity with a clear dose-dependent response of the cells [163,172–174].  

 

Importantly, positive toxicology assessments have led to the acceptance of magnetic nanoparticles in 

the clinic. For now, the use of magnetic nanoparticles in clinical imaging has been stopped, mainly 
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because the negative MRI signal was not specific enough for the radiologist to lead to clinical 

assessments. However, information regarding the possible risks associated with their exposure to 

humans is still limited and conflicting. It has to be noted that clinical applications have mostly been 

limited to dextran coated nanoparticles (e.g. Ferumoxide, Ferumoxytol, Ferucarbotran) by IV injection 

and silica coated (Ferumoxsil) by oral administration [2]. Adverse effects have sometimes been 

demonstrated and linked to the labile iron, while hypersensitivity reactions were attributed to the coating 

[175]. Precise specifications that describe the ideal non-toxic magnetic nanoparticle are still missing 

and, as of today, each nanoparticle-cell system should be carefully evaluated independently to avoid any 

adverse effect. Importantly as well, in depth analyses of the nanoparticles’ fate once within the cells is 

necessary for full comprehension and optimization of the nanoparticles for the clinic. 

 

3.3. From potential toxicity to enhanced functionality 

 

Most of the toxicological studies performed in vitro have focused on immediate effects of nanoparticles 

on cells upon exposure. For a thorough assessment, systematic and quantitative studies of the long-term 

nanoparticle bio-kinetics in the biological environment are needed. As a high number of cell-based 

therapies are based on stem cells, performing long-term investigations on stem cells is not only pertinent 

but also required, and must be correlated to their differentiation potential. 

 

The internalization of nanoparticles in stem cells not only depends on their characteristics (e.g. coating, 

size, shape) [164,165,176] but also on the features of the cells (e.g. type, donor, status) 

[159,168,177,178], both relevant when considering cellular toxicity. For a same setting (i.e. identical 

nanoparticles and cell model), the internalization dose has been identified  as a main determinant of 

toxicity [163,172–174]. Herein, we will first focus on the negative impact of a high dose of magnetic 

nanoparticles on stem cell functionality. We will then focus on their positive effects when at a lower and 

non-toxic dose, either by their presence alone or when used to trigger a mechanotransduction signal.  
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3.3.1. High dose of internalized nanoparticles can have deleterious effects 

 

Under high dosage of internalized nanoparticles, the differentiation potential of stem cells has been 

shown as affected [173,179–182]. These effects seem to be specific to the differentiation pathway, with 

a same high dose inhibiting chondrogenesis but not osteogenesis nor adipogenesis [53,177,183–186]. 

We for example observed that, using citrate-coated maghemite nanoparticles (8 nm core), the 

differentiation of MSCs into chondrocytes, adipocytes or osteocytes was similar to that of unlabeled 

cells when less than 10 pgFe/cell were internalized; however, when 30 to 60 pgFe/cell were internalized 

the chondrogenesis was negatively impacted, but not the adipogenesis nor the osteogenesis [177,184]. 

Andreas et al. observed that MSCs incubated with citrate-coated magnetic nanoparticles and commercial 

Endorem (ferumoxide) presented no alterations in chondrogenic capacity when at less than 15 pgFe/cell 

for the citrated nanoparticles and less than 5 pgFe/cell for the ferumoxides [185]. However, when the 

dose was above 30 pgFe/cell for the citrate nanoparticles and 26 pgFe/cell for the ferumoxides this 

capacity was impacted as denoted by a clear inhibition of chondrogenesis. Here again, adipogenesis and 

osteogenesis were not inhibited even at high doses of 70 pgFe/cell of citrated nanoparticles and 26 

pgFe/cell of ferumoxides [185]. The threshold dose above which negative events are observed varies 

depending on the differentiation pathway and also on the nanoparticles. Table 1 provides this 

intracellular dose, when available, for different studies, and correlates it with the potential impact. 

Overall, no adverse events are observed for less than 10 pg of iron per cell, which can thus be considered 

as the low dose threshold. 

The high dose toxicity could be linked to nanoparticle interference with intracellular signaling processes 

[183], or to a modification of the cellular morphology with higher nuclear to cytoplasmic ratio, 

detrimental for chondrogenic differentiation [187]. Finally, when at a high dose and not provoking 

adverse events, it was observed that magnetic nanoparticles increased the proliferation of stem cells 

[179].  

 

3.3.2. Positive differentiation driven by magnetic nanoparticles without external 

stimulation 

 

Long-term (days to months) studies assessing differentiation have shown that magnetically labeled stem 

cells keep their differentiation potential as chondrocytes, adipocytes, osteocytes, myocytes, and neuron-

like cells (Table 1). In most these studies, a first assessment consists in setting up adequate culture 

parameters such as incubation concentration and time which results in an internalization dose presenting 

no negative impact on the cells. Under specific differentiation pathways, this low dose can even improve 

differentiation. Such a phenomenon has been demonstrated for adipogenesis and osteogenesis [188–
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190]. Under adipogenesis, the deposition of lipid vacuoles was shown to increase [188]. Under 

osteogenesis, calcium deposits and ALP activity were enhanced, as well as the expression of typical 

osteogenic genes and proteins such as RunX2 and BMP2 [188–190]. A detailed mechanism has been 

described for the osteogenesis, with magnetic nanoparticles activating the mitogen-activated protein 

kinase (MAPK) signal pathway and upregulating INZEB2, which is critically important to maintain 

osteogenesis [190,191].  

 

Table 1: Negative, positive or neutral impact of magnetic nanoparticles on the differentiation of 

stem cells depending on the nanoparticles’ features, the internalized dose, and the labeling 

protocol. Nanoparticles (NP), hydrodynamic diameter (Dh, determined by dynamic light scattering), core size 

diameter (Dc, determined by transmission electron microscopy), concentration (conc.), references (ref.), amine(-

NH3+), dimercaptosuccinic acid (DMSA), amino‐polyvinyl alcohol (A‐PVA), poly(acrylic acid) (PAA), 

polyglucose sorbitol carboxymethyl-ether (PSC), human MSC (hMSC), mouse MSC (mMSC), rat MSC (rMSC), 

ovine and equine mesenchymal stem cells (o&eMSCs), human embryonic stem cells (hESCs), mouse embryonic 

stem cells (mESCs)  

Diff. 
pathway 

Impact NP composition 
(core/coating) 

Cell type NP Dh 
(nm) 

NP Dc 
(nm) 

NP conc. 
(µg/mL) 

Incubation 
time 

Iron / 
cell (pg) 

Experiment 
time (days) 

Ref. 

Adipo Negative Magnetite/-NH3+ hMSCs - 6 50 24 h 550-2000 21 [179] 

 Neutral Ferumoxide hMSCs 157 4.5 500 24 h 26 - [185] 
   hMSCs - - 6 24 h - 13 [192] 

   mMSCs 80-150 - 348 24 h 6 21 [193] 
   hMSCs - - 25 24 h - 20 [53,183]  
   o&eMSCs - - 25 12 h - 21 [186] 
   rMSCs - - 50&100 48 h - 12 [194] 

  Ferumoxtran-10 mMSCs 20-40 - 500 24 h ~ 3  21 [193] 

  
 
 

Ferucarbotran mMSCs 60 - 50 24 h ≤15 21 [193] 

 o&eMSCs - - 933 24 h - 21 [186] 

Maghemite/DMSA hMSCs - 5-18 80 24 h 17 24 [195] 

Maghemite/A‐PVA hMSCs 42 7 50-400 4&24 h 6-11 14 [196] 

Maghemite/citrate hMSCs 20 8 5-28 0.5&4 h 3-60 21 [177,184] 

Magnetite rMSCs - - 20 12 h 18 - [197] 

 Iron oxide/citrate hMSCs 98 6 - 7 25 24 h 70 - [185] 

Positive Magnetite/ PAA hMSCs 33 - 29-115 30 min - 16 [188] 

Osteo Negative Ferumoxide hMSCs - - 6 24 h - 13 [192] 

 Ferucarbotran hMSCs 62 - 30-300 1 h 61-68 7 [180] 

 Magnetite/-NH3+ hMSCs - 6 50 24 h 550-2000 21 [179] 
 Neutral Ferumoxide hMSCs 157 4.5 500 24 h 26 - [185] 
   mMSCs 80–150 - 348 24 h ~ 6 21 [193] 
   hMSCs - - 25 24 h - 17 [53,183] 
   o&eMSCs - - 25 12 h - 21 [186] 
   rMSCs - - 50&100 48 h - 28 [194] 

  Ferumoxtran-10 mMSCs 20-40 - 500 24 h ~ 3 21 [193] 

  Ferucarbotran mMSCs 60 - 50 24 h ≤ 15 21 [193] 

   o&eMSCs - - 933 24 h - 21 [186] 

  Maghemite/DMSA hMSCs - 5-18 80 24 h 17 24 [195] 
  Maghemite/A‐PVA hMSCs 42 7 50-400 4&24 h 6-11 13 [196] 
  Maghemite/citrate hMSCs 20 8 5-28 0.5&4 h 3-60 21 [177,184] 

  Magnetite rMSCs - - 20 12 h 18 - [197] 
  Magnetite/BSA rMSCs 150-200 - 50 24 h - 21 [113] 

  Iron oxide/citrate hMSCs 98 6 - 7 25 24 h 70 - [185] 

 Positive Maghemite/PSC hMSCs 30 7-8 10-300 continuous - 21 [190,191] 

 Magnetite/ PAA hMSCs 33 - 29-115 30 min - 21 [188] 
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Chondro Negative Ferumoxide hMSCs 157 4.5 500 24 h 26 28 [185] 
   hMSCs - - 25 24 h - 21 [53,183] 
   hMSCs - - 12-1600 24 h - 28 [182] 

  Ferucarbotran hMSCs 62 11 28 24 h - 14 [198] 

   hMSCs 62 - 100 4&18 h 3-26 14 [187] 
   o&eMSCs - - 933 24 h - 21 [186] 

  Maghemite/citrate hMSCs 20 8 11-45 0.5&4 h ˃ 30 21-28 [173,177,184] 

  Magnetite/-NH3+ hMSCs - 6 50 24 h 550-2000 21 [179] 

  Iron oxide/citrate hMSCs 98 6 - 7 ≥10  24 h ≥30 28 [185] 

 Neutral Ferumoxide hMSCs, 157 4.5 < 100, 24 h < 13 28 [185] 
   hMSCs - - ~ 6 24 h - 13 [192] 
   hMSCs 80-150 - 50 overnight - 20 [199] 
   o&eMSCs - - 25 12 h - 21 [186] 

  Ferucarbotran hMSCs - - 1 - 100 24 h - 30 [200] 

  Maghemite/A‐PVA hMSCs 42 7 50-400 4&24 h 6-11 21 [196] 

  Maghemite/citrate hMSCs 20 8 5-28 30 min ≤ 10 21-28 [173,177,184] 

  Iron oxide/citrate hMSCs 98 6 - 7 1 24 h < 15 28 [185] 

Myogenic Neutral Ferumoxide  rMSCs - - 50&100 48 h - 28 [194] 

Neuron-
like 

Negative Ferucarbotran hMSCs - - 28 continuous - 7 [172] 

Neutral Ferucarbotran hMSCs - - ≤14 continuous - 7 [172] 

Cardiac Neutral Ferumoxytol hESCs - - 50 - 300 24 h - 10 [56] 

  Iron oxide mESCs - - 50 24 h - 18 [201] 

 

 

3.3.3. Improved differentiation driven by magnetic-mediated stimuli 

 

Remote magnetic stimulation enabled by the magnetic labeling of stem cells can induce specific 

differentiation (Table 2). A direct application consists in driving magnetically the compaction of cells 

as cell-cell contact is crucial for triggering some differentiation pathways, including chondrogenesis. It 

was demonstrated that confining stem cells into a thick scaffold or driving aggregate formation using 

magnetic stem cells and remote magnets were sufficient to impose the cell compaction needed for the 

chondrogenic differentiation, as demonstrated by increased collagen II and aggrecan gene expressions 

[34,85].  

Beyond promoting cell-cell contact, magnetic forces can also be used to stimulate stem cells in their 

tissue environment, in a form of magneto-mechanical stimulation. Indeed, it is established that external 

mechanical forces regulate stem cell differentiation and play a major role in embryogenesis and in 

maintaining cell function. Most studies assessing the effects of biomechanical stimulation are performed 

via direct contact to the cells; using magnetic nanoparticles combined with a magnetic field is an 

innovative approach that allows the mechanical stimulation of stem cells at a distance. In this case, a 

magnet is used that has either a static role of permanent cell compression or a dynamic role of oscillatory 

stimulation by cycling at a given frequency (Table 2). A dynamic magnetic field has the advantage of 

being more representative of the loading forces sensed by the cells. We can then distinguish two types 

of stimuli: compressive or tensile. Compressive magnetic stimulation has been mostly explored for 

chondrogenesis and osteogenesis while tensile magnetic stimulation was mainly assessed for cardiac 

differentiation. 
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In chondrogenesis, the compressive magnetic stimulating relates to other non-magnetic studies 

demonstrating that a dynamic compressive loading applied by direct contact to the cells (non-magnetic) 

clearly enhances chondrogenesis, even in the absence of exogenous growth factors, suggesting that 

compression alone is sufficient to induce chondrogenesis [202,203]. Such dynamic compression triggers 

the transforming growth factor (TGF)-β/SMAD signaling pathway, crucial in the maintenance of 

articular cartilage and the differentiation of MSCs into chondrocytes [204]. It directly echoes to the 

movements and forces transmitted through the axial skeleton that articular and vertebral cartilage are 

subjected to. Using magnetic forces to apply an external compression demonstrated as well an enhanced 

chondrogenic differentiation, using both static and dynamic compression [34,205–207]. 

In osteogenesis, mechanical stimulation is crucial as well, and a simple proof emanates from 

microgravity situations where the mechanical unloading of bones leads to their progressive degeneration 

and the limited differentiation of stem cells [208]. When using magnetic forces to apply compression at 

a distance, studies generally demonstrate an enhanced osteogenesis, under both static (i.e. with a 

permanent magnet) or dynamic (i.e. with a transitory magnetic field) stimulation [113,206]. The 

nanoparticles might play a role in this phenomenon as their presence alone sometimes drives the 

differentiation [188–191]. Jiang et al. evidenced elevated ALP activity, calcium deposition, and 

expressions of collagen type I and osteocalcin at both mRNA and protein levels under magnetic 

compression [113].  

In cardiomyogenesis, non-magnetic tensile strain has been shown to promote cardiac differentiation 

[209]. Remarkably, cyclic stretching applied magnetically to embryonic stem cells (ESCs) was recently 

shown to also drive their differentiation toward the mesodermal cardiac pathway [36].  

Finally, it is worth mentioning that another magnetic approach to improve cellular differentiation is to 

trigger mechanotransduction pathways. In this case, the nanoparticles are not internalized in the cells 

but anchored to the surface via molecules such as RGD or TREK1. The manipulation or mechanical 

activation of the mechanosensitive receptors was shown to induce the differentiation toward an 

osteogenic lineage as for example indicated by the upregulation of RUNX2 synthesis and ALP activity 

[210–213]. 

 

 

 

 

Table 2: Effects of magneto-mechanical stimulation on stem cell differentiation. Differentiation 

(diff.), nanoparticles (NPs), experiment (exp.), references (ref.), human mesenchymal stem cells (hMSCs), rat 
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mesenchymal stem cells (rMSCs), mouse embryonic stem cells (mESCs), lipoprotein lipase (LPL), alkaline 

phosphatase (ALP), glycosaminoglycans (GAG). 

 

Diff. 
pathway 

Impact on 
diff. 

Cell 
type 

NPs structure 
(core/coating) 

Iron / 
cell 
(pg) 

Exp. 
time 
(days) 

Type of magnetic field 
stimulus 

Effect Ref. 

Adipo Enhanced hMSCs Ferucarbotran 30 – 55 
(day 7) 

21 Static 
(compressive) 

↑ LPL gene expression 
↑ PPARγ gene expression 

[214] 

Osteo Positive hMSCs Ferucarbotran 30 – 55 
(day 7) 

21 Static 
(compressive) 

= ALP gene expression [214] 

Enhanced rMSCs Magnetite/ 
BSA 
 

- 21 Static 
(compressive) 

↑ ALP activity 
↑ calcium deposition 
↑ collagen I and osteocalcin gene and 
protein expression 

[113] 

hMSCs Magnetite/ 
dextran 

- 21 Oscillating  
(compressive, 2 Hz and 
0.2 mm displacement) 

↑ calcium deposition [206] 

hMSCs Iron oxide/ 
RGD or TREK-1 

- 28 Cyclic 
(mechanotransduction, 
1h/day, max. 25 mT, 1 
Hz) 

↑ ALP activity 
↑ calcium deposition 
 

[210] 

hMSCs Iron oxide/ 
TREK-1 

- 21 Cyclic  
(mechanotransduction, 
1 Hz) 

↑ Opn, Cbfa-1 gene expression (day 7) 
↑ collagen I and II gene expression 
and synthesis as well as proteoglycan 
synthesis (day 21) 

[212] 

  hMSCs Iron oxide/ 
PEG-RGD 

- 7 Oscillatory 
(mechanotransduction, 
0.1 Hz) 

↑ RUNX2 synthesis 
↑ ALP activity 

[213] 

Chondro Positive hMSCs Ferucarbotran 30 – 55 
(day 7) 

14 Static 
(compressive) 

= collagen II gene expression [214] 

 Enhanced hMSCs Bacterial 
magnetite 

~ 60 21 static and/or magnet‐
derived shear stress 
(0.25 mT, 1h/day for 5 
days) 

↑ GAG and collagen synthesis 
↑ collagen II, aggrecan and Sox9 gene 
expression 

[205] 

  hMSCs Maghemite/ 
citrate 

5 25 Static  
(compaction) 

↑ collagen II gene expression 
= aggrecan gene expression 

[34] 

  hMSCs Magnetite/ 
dextran 

- 28 Oscillating  
(compressive, 2 Hz and 
0.2 mm displacement) 

↑ proteoglycan content (Safranin-O 
staining) 

[206] 

  rMSCs Iron oxide - 21 Pulsed  
(50 Hz, 20 mT, for 30 
min at 24-h intervals) 

↑ GAG content 
↑ aggrecan, collagen II, and Sox9 gene 
expression 

[207] 

Myogenic Enhanced ESCs Iron oxide - 5 Pulsed  
(12 Hz, 0.1 mT, 6h/day 
for 5 days) 

↑ MyoG and Myh2 gene expression [215] 

Cardiac Enhanced mESCs Maghemite/ 
citrate 

3 10 Static and cyclic  
(tensile, 1 Hz, 10% 
amplitude) 

↑ Nkx2.5, T, Sox17, Gata4 and Gata6  
gene expression (day 5) 
↑ Tnnt2, Myh6 and Myl2 gene 
expression (day 10) 
↑ Actc1 gene expression (day 10, 
cyclic stretching only) 

[36] 
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4. Degradation of magnetic nanoparticles internalized in cells 

 

The first step for most biomedical applications of magnetic nanoparticles is to internalize them inside 

the cells, where they are to be left within. Consequently, one mandatory step prior to clinical translation 

is to explore their long-term intracellular fate and understand whether they behave as a single 

indissoluble unit or if they can, in the contrary, be affected by the surrounding biological environment. 

Primary concerns associated to a possible biodegradation would be both the risk of a decreased magnetic 

response precluding long-term applicability and the potential toxicity brought by the release of free iron 

ions. 

 

4.1. Quantification of the nanoparticle degradation 

 

4.1.1. Qualitative assessments in vivo 

In vivo studies observing the assimilation cycle of magnetic nanoparticles administered to a mammalian 

organism showed they follow a typical course toward diverse organs [174,216–223]. First, upon 

injection, the nanoparticles are mostly taken up by the macrophages of the liver, spleen, kidney, and 

bone marrow, where iron content peaks within hours [174,216,218–223]. The tissue-resident 

macrophages of the liver are the Kupffer cells, which are highly involved in iron metabolism as they 

handle hemoglobin recycling upon red blood cell ingestion, with subsequent return of iron to the 

circulation [224]. Upon internalization into macrophages, a fusion takes place between the phagosomes 

and the lysosomal compartments, where the nanoparticles are subjected to a progressive acid-induced 

degradation [167,225–227]. It is believed that their coating is first dissolved by lysosomal proteases and 

the internal iron oxides are released followed by rapid dissolution in the acidic environment.  

4.1.2. Precise in vitro quantification via magnetometry 

These in vivo studies provide qualitative measurements and are close to clinic reality; however, due to 

their high degree of complexity, precise quantification of degradation is difficult. An alternative is 

proposed by in vitro studies performed on a defined pool of cells. These in cellulo methodologies have 

the advantage of including the proteins found in the biological environment, and among them, the 

proteins related to iron metabolism. Measurements of magnetism can be performed on this pool of cells 

and allow the quantitative monitoring of the nanoparticles’ integrity in the long-term (over months) 

using techniques such as superconducting quantum interference device (SQUID), vibrating sample 

magnetometry (VSM), AC susceptibility, and magnetophoresis [41,176,177,228,229]. All rely on the 

measurement of the cells’ magnetic moment, direct structural fingerprint of the nanoparticles in situ. 
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These characterization methods can be correlated with inductively coupled plasma mass spectroscopy 

(ICP-MS) or colorimetric based UV-visible absorption quantification techniques that determine total 

iron content. Both approaches are not only complementary but also mandatory to provide a reliable 

measurement of the degradation extent: Decreasing values of cellular magnetism indicate a degradation 

of the nanoparticles only if total iron remains constant.  

4.1.3. Evidence of a progressive degradation for varying nanoparticles structures 

Studies assessing the transformations of magnetic nanoparticles into stem cells have shown that the 

nanoparticles are most commonly endocytosed in endosomes that then fuse with lysosomes, where an 

acid-induced degradation takes place [36,41,176,229]. This progressive degradation has been 

quantitatively measured in cellulo, in a stem cell-spheroid model [41,176,229]. Under this specific 

culture model the stem cells stop dividing, start producing an extracellular matrix-rich environment, can 

be cultured for extend time frames (superior to a month), and can easily be handled due to their cohesive 

structure in the form of aggregates. The magnetization of these aggregates can be analyzed using the 

magnetometry methods described previously [41,176], allowing long-term monitoring of the 

nanoparticles’ transformations, or even in real-time using a magnetic sensor specifically adapted for 

these studies [229]. Using this model, the progressive degradation of a panel of nanostructures was 

demonstrated, including rock-like iron oxide nanoparticles (8-9 nm) made by co-precipitation, iron 

oxide nanocubes (20 nm) and gold-magnetic nanodimers (10 nm iron oxide spheres attached to 3.5 nm 

gold spheres) made by thermal decomposition, or iron oxide flower-like multicores (25 nm) made by 

polyol synthesis [41,42] (Fig. 2A-D). The degradation rate was shown to be dose dependent, with a 

higher nanoparticle internalization engendering a lower degradation rate [176]. For a low dose (2 pg 

iron/cell), it was even shown that up to 90% degradation was reached within a month [41] for small 

nanoparticles made by co-precipitation. Intracellular observations at the nanoscale by transmission 

electron microscopy (TEM) provided confirmation via direct observations of morphological alterations. 

 

4.2. Degradation-induced toxicity? 

 

The degradation of magnetic nanoparticles is first supposed to engender the release of free iron ions 

inside the cells [158]. If kept in the unbound redox active state, these released ions can trigger toxic 

events by releasing reactive oxygen species (ROS) in their surroundings. Or they can join the 

intracellular iron pool and integrate into the innate iron metabolic pathway, and typically be stored 

within the ferritin protein (Fig. 2E-F). Later on, it can be transferred to plasma transferrin for transport 

within the entire organism and ultimately used for hemoglobin synthesis after uptake into erythroid 

precursor cells [230].  
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Iron-mediated toxicity is supposed to happen mainly in case of iron overload, whenever the normal 

capacity for handling of iron is exceeded. In this case, the unbound ferrous (Fe2+) ions then available 

will react with hydrogen peroxide (H2O2) and create a ROS hydroxyl radical (•OH) as described by the 

Fenton reaction. Such ROS-mediated toxic mechanism is the one considered as having a major role in 

magnetic nanoparticles-induced toxicity [231]. The potential of nanoparticles to induce genotoxicity is 

for example attributed to the generation of the free radical HO•, which interacts with DNA to form 8-

hydroxyl-2’-deoxyguanosine that ultimately leads to DNA damage.  

For applications such as MRI imaging, the progressive degradation of the nanoparticles and its 

associated loss of MRI signal might be a concern for the long-term follow-up of implanted cells or 

tissues; however, for other applications, such as the treatment of anemia, it might be exploited under a 

curative approach [232,233]. Indeed, a drug commercialized under the trademark Feraheme has been 

approved as an iron supplement. It consists of superparamagnetic iron oxides that are coated with a 

carbohydrate shell and, as they degrade, the released iron integrates the patient’s metabolism. The 

nanoparticles degradability can also be exploited under a curative approach for cancer treatment. The 

toxicity engendered by nanoparticles degradation is then used to kill cancerous cells via ferroptosis, 

either by injecting a high dose of nanoparticles (with or without applying an additional constraint) or by 

suppressing cellular characteristics [234].  

 

4.3. Adaptation of iron metabolism to manage the released ions 

 

Iron metabolism is tightly regulated to maintain homeostasis and reduce toxicity. The balance between 

iron import and export involves several proteins that are believed to manage the arrival of ionic iron 

produced from nanoparticles degradation as well. When nanoparticles are degraded in the lysosomes, 

the ionic iron released can be either stored within the ferritin or transferred into the cytoplasm via the 

divalent metal-ion transporter 1 (DMT1), where it will either similarly be stored in the ferritin or join 

the mitochondrial iron pool for its use in cellular processes [235] (Table 3 and Fig. 2G). Ferritin can 

store up to 4500 iron atoms and consists in both a light and heavy chain (FtL and FtH, respectively). 

The subunit FtH oxidizes ferrous iron (Fe2+) into ferric iron (Fe3+) before its storage within the subunit 

FtL. Ionic iron can also be exported via the ferroportin to be used for metabolic functions. The activity 

of ferroportin is inhibited by hepcidin, a small peptide hormone secreted by the liver into the 

bloodstream and regulated by the iron level. Hepcidin binds to ferroportin and triggers its internalization 

and degradation. In the bloodstream, the released iron is loaded onto the transferrin as a carrier and then 

internalized by the target cells via the transferrin receptor. There are two receptors for transferrin: 

receptor 1 (TfR1) and receptor 2 (TfR2). Receptor 2 was isolated in 1999 by Kawabata et al. and 

identified as a second transferrin receptor [236]. It is less abundant than TfR1 and seems to be less 
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involved in the transport of iron [237]. Therefore TfR1 remains the main transferrin receptor. The 

expression of proteins involved in cellular iron import and export is transcriptionally regulated to 

preserve iron homeostasis. How the free iron ions released in the intracellular environment upon 

nanoparticle degradation can change the expression level of the iron metabolism specific proteins has 

been quantified in several studies performed both in vitro and in vivo with various nanoparticles types 

(Table 3). Protein expression was studied by gene expression (mRNAs, qPCR, microarray) or 

proteomics (western blot, ELISA, flow cytometry). First and foremost, ferritin expression is increased 

most certainly because the cells need an amplified iron storage capacity [41,221,238–247]. 

Concomitantly, some studies have shown that TfR1 expression decreases to limit iron uptake from the 

bloodstream [238,246,248,249], while ferroportin expression increases [41,239,241,244,246].  

 

Table 3: Impact of magnetic nanoparticles on iron metabolism assessed in cell lines (macrophages 

and other specialized cells), MSCs, and in vivo. Citric acid (CIT), dextran (DEX), dimercaptosuccinicacid 

(DMSA), Transferrin receptor (TfR), divalent metal transporter-1 (DMT1).  

Cell type Cell type Nanoparticles 
(core size /coating) 

Iron / 
cell (pg) 

Experimental 
time 

Analytical 
method 

Effects Ref. 

Immune 
cells 

macrophage 
raw264.7 

Maghemite 
10 nm / DMSA 

7 - 25 24 to 72 h qPCR,  
Western Blot 

RNA: L-ferritin and ferroportin ↑ 
proteins: L-ferritin ↑ ferroportin = 

[239] 

 macrophage 
NCTC 

Maghemite  
7 nm / CIT or DEX 

- 96 h qPCR,  
Western Blot 

TfR ↓ 
DMT1, Ferroportin ↑ 
L-ferritin↑ 

[246] 

 macrophage 
THP1-M1 
& THP1-M2 

Maghemite  
7 nm / CIT or DEX 

- 96 h qPCR,  
Western Blot 

TfR ↓ 
DMT1, Ferroportin ↓(M1)   =(M2) 
L-ferritin↑ 

[246] 

 macrophage Ferumoxide 22 4 & 9 weeks qPCR,  
Western Blot 

TfR = 
ferritin↑ 

[238] 

 monocyte 
THP 1 

Ferucarbotran - 48 h Flow 
cytometry 

Ferroportin ↑ 
ferritin ↑ 

[244] 

Cancer 
cells 

HeLa Ferumoxide 20 4 & 9 weeks qPCR,  
Western Blot 

TfR ↓ the first days 
ferritin↑ from day 7 

[238] 

 U-937 Ferucarbotran - 48 h Flow 
cytometry 

ferritin↑ [244] 

Neural 
cells 

oligodendrocyte 
rat brain 

Maghemite  
2-20 nm / DMSA 

- 48 h Western Blot L-ferritin↑ [242] 

 astrocytes  
rat brain 

maghemite  
10 nm / DMSA 

- 7 days Western Blot ferritin↑ [243] 

Stem 
cells 

hMSC Maghemite 
8 nm / citrate 

2 25 days qPCR L-ferritin↑ H-ferritin= 
ferroportin↑ DMT1= 

[41] 

 hMSC Ferumoxide 
120-150 nm / dextran 

45 4 & 9 weeks qPCR,  
Western Blot 

TfR ↓ the 14 first days 
ferritin↑ from day 14 

[238] 

 hMSC Ferumoxide - - gene 
microarray 

TfR = 
ferritin↑ 

[240] 

 rMSCs Ferucarbotran < 25 - Flow 
cytometry 

TfR↑ [250] 

 neural stem cells 
(mice) 

Ferumoxide - 7 days qPCR TfR ↓ [248] 

In vivo mice Maghemite  
7 nm / CIT 

- 24 h Western Blot, 
TEM 

Proteins: L-ferritin↑ 
Images: Ferritin↑ 

[246] 

 mice Maghemite 
8 nm / glucose 

- 90 days TEM Ferritin ↑ [221] 

 mice Maghemite  
21 nm / PEG 

- 14 days TEM Ferritin ↑ [245]  

 rat Magnetite 
10 nm / PEG & DMSA 

- 30 days ELISA ferritin, ferroportin and DMT1 ↑ [241] 
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 frog Iron oxide  
13 nm / DMSA 

- ~ 72 h qPCR DMT1, Transferrin, Ferritin ↑ 
Hepcidin ↓ 

[247] 

 frog Iron oxide 
132 nm / CIT 

- ~ 72 h qPCR DMT1, Transferrin = 
Hepcidin, Ferritin ↑ 

[247] 

 

 

4.4. Long-term presence of magnetic nanoparticles within cells via chemical 

protection or biological recrystallization 

 

In some cases, it can be of interest to protect the nanoparticles from degradation [251]. Indeed, having 

nanoparticles that remain intact in the long-run might be highly positive if the stem cell-engineered 

tissue is to be re-stimulated in vitro, or even in vivo after implantation, or more simply imaged over long 

periods after grafting. With this in mind, the preservation of a magnetic core has been ensured via 

chemical processes, by grafting either a protective gold shell [42] or a PAA dense polymeric coating 

[176]. Other strategies have been applied [252], such as protecting the nanoparticles from lysosomal 

degradation by encapsulating them with poly(d,l-lactide-co-glycolide) (PLGA) [253], using 

magnetoliposomes that surrounds them with lipid bilayers [254], or again coating the surface of the 

nanoparticles with a thin silica layer, which induces surface passivation [255–258]. 

Biologically, we have recently demonstrated that human stem cells are themselves capable of iron 

recrystallization upon the degradation of previously internalized magnetic nanoparticles from chemical 

or biological (i.e. magnetosomes) origin [177,259]. This biosynthesis of magnetic nanoparticles took 

place in the case of 2D cultures of bone marrow-derived human stem cells that were either differentiated 

as adipocytes, osteocytes, or kept undifferentiated. The first step consisted in the degradation of the 

internalized magnetic nanoparticles (from day 0 to 1-3), but then, biosynthesis of new magnetic 

nanoparticles occurred (from day 1-3 to 21). This biosynthesis led to magnetization levels close to day 

0 after 21 days of culture and, quite remarkably, it seemed to play a protective role as, even at high doses 

of intracellular iron, no toxicity was observed. By contrast, the same high dose was toxic when only the 

degradation of the nanoparticles (no recrystallization) was taking place. The magnetic biosynthesis of 

nanoparticles anew might then act as a “detoxification mechanism” in case of iron excess. 

This biosynthesis can also be linked to previous observations of magnetic nanoparticles in the human 

body. Magnetic nanoparticles were first reported in the human brain in 1992 [260] and their existence 

has since been confirmed [261] and correlated with an effect of age (increased occurrence with 

increasing age observed in male subjects) [262,263] and to neurodegenerative diseases such as 

Alzheimer [264]. They have also been detected in other organs including the heart, spleen, liver, ethmoid 

bone, and tumors [265–268]. Their presence has been discussed and some studies indicated a biogenic 

origin whereas others supported an exogenic one, coming from the polluted environment via inhalation 
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[269,270]. Both origins are most probably possible, and the recrystallization of magnetic nanoparticles 

recently observed in stem cells confirms that human cells are capable of such biosynthesis. 

 

 

 

Fig. 2: In cellulo fate of magnetic nanoparticles. A-D) Representative TEM images of four types of 

nanoparticles; A: 8 nm in diameter rock-like nanoparticles made by coprecipitation, B: gold-iron 

nanodimers made by thermal decomposition, C: 20 nm nanocubes made by thermal decomposition, 

upon degradation only the gold remains intact, D: 25 multicore nanoparticles made by polyol synthesis. 

Left images display the nanoparticles right upon internalization within stem cells, their iron oxide core 

clearly appears in black. The nanoparticles remain intact following internalization and are located in the 

endosomes only. Right images show the nanoparticles after 3 to 4 weeks of culture, with some iron 

oxide cores still intact; however, most are degraded and the released iron is stored in ferritin proteins, 

which appear as 6 nm grey dots, and are indicated with black arrows. (Scale bars = 200 nm) E) 

Representative schematic of magnetic nanoparticles’ internalization within endosomal compartments in 
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cells, then biodegradation of the coating and the magnetic core, followed by storage of the released iron 

in ferritin proteins. F) TEM images showing 5-6 nm grey dots in the endosomes and the cytoplasm of 

the cells upon nanoparticles’ degradation, these dots are representative of ferritin proteins loaded with 

iron. (Scale bars = 200 nm) G) Representative schematic of iron metabolism regulation upon 

nanoparticles’ internalization in cells. 

 

5. Interplay between nanoparticles degradation, stem cell function, 

and iron metabolism 

 

Despite the acceptance and popularity for the applicative potential of magnetic nanoparticles in 

medicine, we must still resolve any issues regarding their impact and fate upon internalization within 

cells. The answer to this remaining question is not straight forward. Studies comparing several factors 

two by two exist, but a larger study that correlates dose of internalized nanoparticles, degradation rate, 

impact of the differentiation pathway and the modulation of expression of iron metabolism genes is still 

needed.  

However, trends are starting to be defined such as the dose of internalized nanoparticles that has clearly 

been denoted as a factor indicative of potential toxicity (Fig. 3) [173,179–182]. High doses of 

nanoparticles seem linked to toxicity due to free iron ions released over the degradation of the 

nanoparticles [158,231]. The threshold between low and high dose has sometimes been defined, but is 

still controversial, with studies setting it at 100 pgFe/cell while others limit it at 10 pgFe/cell. This 

emphasizes once again that the interaction and impact of nanoparticles on cells depend on a vast number 

of parameters that include nanoparticle features (core structure, coating) [44,164,165], as well as cell 

type, cell donor, and cell status (proliferation, confluence level) [159,168,177,178]. For stem cells 

undergoing differentiation, certain pathways seem more impacted than others, with toxicity observed 

under chondrogenesis and not under adipogenesis or osteogenesis for bone marrow stem cells at 

similarly high doses [53,177,183–186]. When considering the sensitive chondrogenic differentiation, 

remaining below 10 pgFe/cell has proven a reasonable threshold to avoid toxicity [173,177,184,185,196]; 

however, each nanoparticle-cell system should be carefully evaluated independently to avoid any 

adverse effect.  

Moreover, when considering clinical administration of high or frequently repeated doses, the normal 

body capacity to manage iron should be taken into account. Indeed, the total iron quantity in the body is 

tightly regulated and excess iron can be extremely toxic. Progressive clearance of iron excess is observed 

with rejection in the feces, similarly to endogenous iron [220], and some studies indicate full clearance 

within days [216], but here again, nanoparticles dose matters: a study assessed that under high 
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concentrations complete removal from the tissue was not achieved after two months, whereas under low 

concentration they were eliminated within three weeks [271]. 

With increasing knowledge of nanoparticle impact on cells, tactics have emerged to avoid toxicity. A 

first approach is to protect the nanoparticles such as they do not incur degradation. For example, 

surrounding the iron oxide core with an inert shell, such as gold, has been shown to avoid degradation 

of iron oxide structures and to have little effect on the magnetic properties of the iron core [42,272]. 

Degradation has also been reduced by protecting the core with a silica shell or a lipid bilayer [252]. 

Negative effects coming from the production of ROS could also been countered by adding anti-oxidants 

to the culture medium [173,252] or by combining them with other nanomaterials, such as MnO2 

nanoparticles, which are potential contrast agents for MRI that have been shown to alleviate the 

oxidative environment by catalyzing the decomposition of H2O2 into H2O and O2 [273,274]. 

 

 

Fig. 3: The interplay between magnetic nanoparticles and cells depending on their features: from 

toxicity to enhanced stem cell differentiation. The features of the nanoparticles (core structure, coating 

type, size, and also shape), the incubation parameters (concentration, time), and the characteristics of 

the cells (type, donor, differentiation pathway) influence the interactions of the nanoparticles with the 

cells, and among them, the dose of internalized nanoparticles. It then either engenders toxicity when 



27 
 

under deleterious conditions, such as an iron excess, or presents no impact or even an enhanced 

differentiation in the case of stem cells, by their presence alone or combined with magnetic 

biomechanical stimuli. In this case, the iron released over the degradation of the nanoparticles is 

incorporated to the natural metabolism of the organism. 

 

 

To conclude, it is clear that iron oxide nanoparticles are bio-interacting; however, they are biocompatible 

and, despite rigorous assessments that should always be considered, we are right to consider them for 

biomedical applications, where their potential remains very high [2,3]. Besides the numerous possible 

applications in biomedical engineering linked to their magnetic properties, they have an additional 

advantage in regenerative medicine as they can positively drive stem cell differentiation by their simple 

presence or when used in concert with magnetic biomechanical stimuli, such as compression or 

stretching of the cells, as well as activation of signaling pathways via mechanotransduction 

[34,36,113,205–207,210–213]. They indeed seem to improve adipogenesis and osteogenesis by their 

presence only [188,190], further enhanced in case of stimulation [113,206,214]. Authorizations have 

already been obtained to make them available on the market for MRI imaging or as complements for 

anemia [2], paving the way for more and toward a wide demand that includes applications in tissue 

engineering, cancer treatment, and more to be discovered.  
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