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Emergence of magnetic nanoparticles in photothermal and ferroptotic therapies

With their distinctive physicochemical features, nanoparticles have gained recognition as effective multifunctional tools for biomedical applications, with designs and compositions tailored for specific uses. Notably, magnetic nanoparticles stand out as first-in-class examples of multiple modalities provided by the iron-based composition. They have long been exploited as contrast agents for magnetic resonance imaging (MRI) or as anti-cancer agents generating therapeutic hyperthermia through high-frequency magnetic field application, known as magnetic hyperthermia (MHT). This review focuses on two more recent applications in oncology using iron-based nanomaterials: photothermal therapy (PTT) and ferroptosis. In PTT, the iron oxide core responds to a near-infrared (NIR) excitation and generates heat in its surrounding area, rivaling the efficiency of plasmonic gold-standard nanoparticles. This opens up the possibility of a dual MHT+PTT approach using a single nanomaterial. Moreover, the iron composition of magnetic nanoparticles can be harnessed as a chemotherapeutic asset. Degradation in the intracellular environment triggers the release of iron ions, which can stimulate the production of reactive oxygen species (ROS) and induce cancer cell death through ferroptosis. Consequently, this review emphasizes these emerging physical and chemical approaches for anti-cancer therapy facilitated by magnetic nanoparticles, combining all-in-one functionalities.

Introduction

Nanoparticles are at the forefront of the rapidly developing field of nanomedicine. These nanoscale materials exhibit original properties stemming from the reduction of their size, altering the physical behavior of their bulk counterparts, and leading to the emergence of novel diagnosis and therapeutic strategies. Magnetic iron oxide nanoparticles have long been the prime candidates in the development of such nanomedicine-oriented approaches, as the multiple functions driven from their magnetic core are unique for both medical diagnostics and therapeutics. These functions include their use as contrast agents for magnetic resonance imaging (MRI) 1 and as heating mediators for magnetic hyperthermia (MHT) [2][3][4] , both of which have long been studied in clinical settings. Another advantage of magnetic nanoparticles is their capacity for magnetic remote manipulation, enabling emerging applications 5,6 in biology, bioengineering, regenerative medicine, and therapy, such as magnetic transfection 7 , magnetogenetic manipulations 8 , magnetic tissue engineering 9,10 , or magnetic drug targeting 11 . The all-iron composition of these nanoparticles offers advantages in terms of biocompatibility, as iron is naturally processed by the human metabolism that possess proteins dedicated to its oxidation, reduction, transport, and storage 12 . The development of anticancer nanotherapies using magnetic nanoparticles has primarily focused on MHT since its inception a few decades ago 13,14 . MHT delivers thermal therapy through a high-frequency magnetic field that causes the nanoparticles to convert magnetic energy into heat, which can destroy cancer cells. The magnetic field can be precisely localized and is biologically inert, offering significant advantages in limiting potential side effects. MHT not only enables non-invasive means of heating cancer cells at therapeutic levels using localized nanoparticles but has also been exploited to target and trigger drug release by generating hot-spots surrounding the nanoparticles cores [15][16][17][18] . Additionally, it can act in synergy with other therapies such as chemotherapy by sensitizing the tumor environment 19 . From the start, magnetic iron oxide nanoparticles were thus the first-in-class examples of a single concept opening up to multiple therapeutic functions. In recent years, magnetic nanoparticles gained novel features to fight cancer with the advent of photothermal therapy (PTT) 20 and ferroptosis 21 . This review first proposes an overview of the chemical approaches best adapted to the production of magnetic nanoparticles for nanomedicine applications, along with a reminder of their use as MHT agents. Their potential for heating upon infrared laser irradiation for PTT is then introduced and discussed, along with the concept of a combined magneto-photo-thermal therapy encompassing both MHT and PTT. Finally, the concept of combined therapy can be extended even further thanks to the iron composition of these particles. Iron has been considered to trigger reactive oxygen species (ROS) production via Fenton and Fenton-like reactions and also to trigger ferroptosis -a cell death pathway relying on iron and first described in 2012 22 . This adds a chemotherapeutic function to the physical ones. These emerging additional assets are addressed, with a focus on the central role of iron, particularly the iron delivered by the nanoparticles, in triggering ferroptosis.

Synthesis of magnetic nanoparticles for nanomedicine applications -critical parameters for improved biomedical performance

The performance of iron oxide nanoparticles (NPs) as therapeutic agents is strongly bound to the chemical stability and physical properties showed upon the application of an external stimulus, either light, radiation, or magnetic field. As it is well known, quantum confinement and surface effects do govern these issues at the nanoscale. Consequently, the control over size, size distribution, structure and crystallinity, shape, degree of aggregation, and surface capping of iron oxide nanoparticles becomes critical when trying to understand and optimize their therapeutic activity. In the following lines, we will briefly offer some paradigmatic examples on how these parameters can be controlled through the choice of an appropriate synthetic method, and how they do affect the performance of iron oxide nanoparticles as thermal or chemical therapeutic agents. Corresponding summaries are proposed in Table 1 andTable 2. For further insights into the details of the synthetic methods and their correlation with their biomedical performance, the reader is redirected to more specialized excellent reviews on the topic 3,23 .

Size and size distribution

Magnetic hyperthermia seems to be by far the most demanding therapy in terms of size control and narrow size distribution of the nanoheaters. The dependence of their heating efficiency or specific loss power (SLP) (or specific absorption rate (SAR)) on these both parameters has been theoretically and experimentally studied 24,25 . These studies concluded that maximum heat is dissipated by samples containing NPs with a specific average diameter, depending on every material, and the narrowest size distribution possible, experiencing a drastic drop of SLP with increasing standard deviation. As a result, the synthetic method should be carefully chosen to obtain the finest control possible over these parameters. The thermal decomposition method has offered some of the best examples of size control and homogeneity for iron oxide NPs, such as the work published by Salas et al. in which uniform spherical NPs with sizes in the range 9-22 nm were synthesized through the thermolysis of an iron oleate complex in 1-octadecene 26 . The work highlights the strong correlation between size, size dispersion, and heating capacity. On the other hand, Guardia et al. described the synthesis of homogeneous iron oxide polyhedral NPs with an exquisite control of the size between 14 and 100 nm and particularly low standard deviation values, which are difficult to achieve at this size range 27 . Hydro or solvothermal methods have also proved useful for the synthesis of monodisperse iron oxide NPs, often leading to larger sized structures or clustered systems, which might be of interest for photoinduced therapies like PTT, where size dispersion does not seem to be as critic as in MHT 28,29 . On the contrary, co-precipitation method usually delivers iron oxide NPs within the superparamagnetic lower sized regime, but with significantly wider size distributions compared to thermal decomposition methods 30,31 . Ultrasmall iron oxide NPs (< ∼10 nm) often perform more efficiently in triggering the generation of hydroxyl radicals than larger NPs. This is due to the quicker release of Fe2+ ions associated with small NPs, because of their higher surface-to-volume ratio and stronger interaction with the surrounding medium. Thus, small superparamagnetic iron oxide NPs are promising candidates for chemodynamic and ferroptosis-based therapy. Although co-precipitation and thermal decomposition methods are the best strategies that access this ultrasmall size range for iron oxide NPs 21,32,33 , the hydrothermal method is also viable for the synthesis of ferroptosis-active 2, 4 and 10 nm Fe3O4 NPs, as demonstrated by Tian et al 34 .

Structure and crystallinity

Among the different iron oxide phases, magnetite (Fe3O4) and maghemite (-Fe2O3) are the two best performing heating agents for MHT, considering their high thermodynamic stability, chemical resistance, and bulk saturation magnetization, which is of ca. 92 and 76 emu/g, respectively. Syntheses can be optimized to reach even higher saturation values [35][36][37] . Iron carbide NPs have recently drawn much attention as they exhibit large bulk saturation magnetization. For example, Fe2.2C NPs have achieved ca. 198 emu/g 38 . Furthermore, their biocompatibility is comparable to the best of the iron oxide nanoparticles, showing also very low cytotoxicity 39 . Additionally, the existence of mixed oxidation states in the magnetite crystal produces a d-d type charge transfer, which in turn gives rise to an absorption in the NIR-II region at 1000-1350 nm, which reveals crucial regarding its photo-induced heating capacities in PTT 40 . Last but not least, the availability of Fe 2+ ions in the magnetite phase offers the possibility to exploit these NPs in chemodynamic and ferroptosis therapies as well, in which Fe 2+ is indeed responsible for the formation of ROS 41,42 . All in all, synthetic approaches must be oriented to avoid the nucleation of other phases and, if possible, to deliver pure magnetite NPs due to its slightly superior magnetization, optical properties, and biochemical activity. Kemp et al. reported the development of a scalable thermal decomposition procedure for synthesizing pure magnetite NPs with diameter ranging from 15 to about 35 nm 43 . The method uses iron(III) oleate as precursor and requires the flow of a controlled amount of O2 during the synthesis. Thermal decomposition procedures must pay attention to the use of Fe(CO)5 as precursor, which often leads to reduced metallic cores or oxygen deficient phases in oxide NPs if oxidizing conditions are not optimized 44 . Ferrimagnetic magnetite NPs of 39 nm in diameter have also been prepared by a combination of co-precipitation and hydrothermal methods, being the latter indispensable to isolate a pure mixed valence oxide, instead of a mixture of magnetite and maghemite phases 45 . Indeed, hydro and solvothermal approaches have long been considered as effective methods to prepare highly crystalline Fe3O4 NPs with high magnetization values [46][47][48] . Besides the crystal phase, a high degree of crystallinity and absence of crystal defects is a must in order to avoid the degradation of magnetic nanoparticles and preserve their optical properties. Levy et al. studied a series of highly monodisperse iron oxide NP samples with different average sizes prepared by thermal decomposition methods via a seeded growth approach 49 . The authors detected a big discrepancy between the crystal volume and the effective magnetic volume of the NPs, which had a severe detrimental impact on the SLP by MHT. The presence of surface and internal defects resulted in lower crystallinity and the growth of a magnetic disorder volume at the interface between the seed and the growing nanocrystal layer 50 . Therefore, the use of the seeded growth method to synthesize larger nanocrystals starting from small seeds might not be an appropriate alternative for biomedical applications. On the other hand, highly crystallized iron oxide NPs proved to be specially efficient for PTT 51 .
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• Ferrites (MFe2O4, M 2+ ) as potential cytotoxic cationic carriers Table 1: Principles of design and modification of iron-based magnetic nanoparticles correlated with their therapeutic performance.

Shape

Deviation from spherical shapes is often translated into a significant improvement in terms of heating capacity in MHT for iron oxide NPs. Such an improvement is related to the increase of magnetic anisotropy in the crystals, such as shape anisotropy, which might help at better aligning the magnetization of the particle in a specific direction, and at increasing the squareness of the hysteresis loop 52 . Thermal decomposition and solvothermal approaches are the preferred methods when the anisotropic growth of NPs is required.

Among the different shapes studied, iron oxide nanocubes show, so far, the best heating performance reported for MHT. Guardia et al. described their synthesis following thermal decomposition methods through a one-pot approach: iron acetylacetonate and decanoic acid were used as precursor and surfactant, respectively, and were mixed in dibenzyl ether under reflux, obtaining cube-shaped NPs in a size range between 13 and 40 nm, with optimal MHT performance for 19 nm NPs 53 . Iron oxide nanorods have shown their superiority as contrast agents with respect to spherical NPs 54 , while the tunability of their aspect ratio in order to improve their heating performance in MHT has been recently the focus of some studies 55,56 . Uniform magnetite nanorods stabilized by oleic acid can be synthesized using a solvothermal process reported by Si et al. with a tuneable length of 58-250 nm and a width of 8-64 nm 57 , or alternatively by an hydrothermal route obtaining first -FeOOH nanorods that are reduced in a second step 58 . In the latter case, the authors studied the dependence of the SLP value on the aspect ratio of the Fe3O4 nanorods. In-depth analysis of the methods used for the synthesis of shaped iron oxide NPs can be found in a recent review by Roca et al 59 .

Degree of aggregation

The study of multi-core monocrystalline or aggregated iron oxide NPs as heating agents has been the focus of some works during the last decade, suggesting that this kind of controlled architectures are highly convenient for both MHT and PTT and more efficient than individual or isolated NPs. Magnetic clusters might show less magnetic surface disorder and enhance thermal losses under an alternating current (AC) magnetic field 60 , while in the case of photothermia, different effects associated with aggregation have been reported [61][62][63] . On one hand, few examples have been included here where the primary NPs are in a very close contact, substantially fused together and sharing an inorganic interface which provides them with effective magnetic exchange. On the other hand, procedures to induce the controlled assembly through surface capping interactions will be briefly mentioned in the following surface capping paragraph. Co-precipitation method represents a valuable, easy, and cheap strategy to obtain clustered iron oxide NPs in a controlled manner, as reported by Dutz et al. when fabricating carboxymethyldextran-coated multicore iron oxide NPs 64 . The co-precipitation route can be adapted to more sophisticated surfactant-assisted methods in higher boiling point polar solvents such as ethylene glycol, becoming what is known as the polyol method. Many reported works proof the suitability of the polyol method for the formation of controlled nanoclusters or nanoflowers of iron oxide. Indeed, the polyol synthesis can lead to such assembled structures both at atmospheric pressure, as reported by Hugounenq et al.,Lartigue et al.,Ge et al.,Hemery et al.,and Barick et al. 36,60,[65][66][67] , or under solvothermal conditions, as described by Shen et al.,Gavilán et al. and Li et al 37,61,68 . More recently, Bertuit et al. set up two protocols, one in solution 69 and one in microfluidics 70 . While few works have revealed the efficiency of clustered iron oxide NPs as heating agents for MHT 37,60,64,66 , others have studied their performance as PTT agents 61 , MRI contrast agents 60,67 , or even their role in ferroptosis-mediated and chemodynamic therapy (CDT) 68 .

Surface coating

The surface coating does also play a critical role in the heating, and thus therapeutic performance of iron oxide NPs, in particular regarding its ability to tailor their controlled aggregation. First, individual NPs are obtained, either in water or in organic media, and then they are aggregated in a second step in a way that internal dipolar interactions are established between NPs within the assembled structure. One way to achieve this is by using a combination of two immiscible liquids with a specific ratio, and amphiphilic molecules that allow the formation of microemulsions and the assembly of magnetic NPs inside the stabilized droplets 71 . Some of the organized clusters obtained in this way show promising properties for MRI and photodynamic therapy (PDT), as reported by Yan et al 72 . Other methods take advantage of the copolymer-assisted encapsulation of magnetic NPs to force their physical proximity in clusters. The heating efficiency under an AC magnetic field was assessed for individually coated iron oxide nanocubes and soft colloidal nanoclusters made of small ensembles of nanocubes arranged in different geometries and capped with poly(styrene-co-maleic anhydride) cumeneterminated polymer 73 . The results showed how the heating efficiency is highly dependent on the type and size of assembly formed. Yildirim et al. reported the size-controlled clustering of iron oxide NPs within fluorescent polymer nanogels through the lower critical solution temperature-driven self-assembly 74 , while Paquet et al. studied the formation of clusters of iron oxide NPs encapsulated in a pH-responsive hydrogel and their potential as MRI contrast agents 75 . Alternatively, the encapsulation of magnetic NPs into liposomes, both produced synthetically or by magnetotactic bacteria, results also in a potential strategy for enhanced therapeutic heating [76][77][78] . Nevertheless, it is important to note that the establishment of dipolar interactions between iron oxide NPs can have positive but also negative effects on the heating performance depending on several parameters 79,80 .
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• Access to ultrasmall iron oxide nanoparticles with faster Fe 2+ ions release Table 2: Convenience of specific solution synthetic strategies of iron-based magnetic nanoparticles correlated with their therapeutic performance.

Chemical modification

The modification of the chemical composition with respect to that of pure iron oxide is another strategy to tune magnetic and optical properties and enhance in this way the heating efficiency of iron oxide-based NPs. 83 . In a similar way, relatively low amounts of lanthanide ions can be used to dope iron oxide NPs: their large magnetic moments and intrinsic magnetic anisotropy might boost the performance of iron oxide-based nanostructures as contrast agents for MRI and heating agents for MHT, as reviewed by Lah et al 84 . Many other approaches deal with the exploitation of hybrid nanocrystals, where two different inorganic domains with distinct physical properties share an interface. Among the endless examples of heterostructures, those in which magnetically and/or opticallyactive domains are coupled together are those with the highest impact in terms of thermal therapy, i.e. Fe@Fe3O4 core@shell NPs, Fe@iron carbide core@shell NPs, Ag-Fe3O4 nanoflowers and Au@Fe3O4 core@shell nanohybrids to mention a few [85][86][87][88][89] .

Magnetic nanoparticles for cancer therapy

Magnetic hyperthermia (MHT) was the first modality implemented for the treatment of tumors using iron oxide nanoparticles; the heat produced by exposure to a high frequency alternative magnetic field being exploited to trigger cancer cell death. Numerous studies have now explored this possibility, mostly on solid tumors, and clinical trials as well as clinically approved treatments have been implemented (Nanotherm® -MagForce) 90,91 . The intrinsic magnetic features of these nanoparticles can be exploited to add therapeutic and even theranostic prospects to this hyperthermia treatment.

They can for instance be used for magnetic-guided delivery and enhanced targeting at the tumor site, or they can serve as MRI contrast agent for the real-time monitoring of treatment progress.

Remarkably, tumor ablation with iron-based nanoparticles is not limited to MHT alone; these nanoparticles can also produce heat upon NIR light activation, making them photothermal agents for PTT. Additionally, they can deliver reactive oxygen species and thus be effective agents for chemodynamic therapy (CDT) and ferroptosis. This section details the combined possibilities of delivering MHT, PTT, CDT, and ferroptotic effects with a single iron-based structure and composition.

Magnetic hyperthermia

For long, iron oxide nanoparticles have been the prime candidates for magnetic hyperthermia. Nanoparticle design optimisation, advantages, and challenges associated to their use for MHT has been documented in a number of quality reviews 3,14,[92][93][94] . Briefly, in MHT, application of a highfrequency (hundreds of kHz) alternating magnetic field excites the fluctuations of the magnetic moment of nanoparticles, and the magnetic energy released is dissipated as heat. The size and shape of the nanoparticles are then crucial and can enhance the heat-generating capacity, generally quantified with the specific absorption rate (SAR) in Watts per gram of iron. Differences in anisotropy between spherical nanoparticles (SAR 10-200 W/g) and nanocubes (SAR 500-1500 W/g) or magnetosomes (SAR 1000-1500 W/g) as well as cooperative effects in multicore flower-like nanoparticles (SAR 500-1500 W/g) were exploited to increase heat generation 36,37,69,73,95,96 . Yet, in nanomedicine applications, nanoparticles are generally internalized via endocytosis 97 and end up confined within intracellular endosomes, in very close contact with one another (Figure 1A). This confinement is likely to affect their heating efficiency. Indeed, regardless of the type of iron oxide NPs tested, it has been revealed that their internalization in cells reduces heat generation, probably due to magnetic interactions or steric frustrations 76,96,98 (Figure 1B). Two distinct behaviors were evidenced: when the magnetic core is superparamagnetic and magnetic relaxation is governed by Néel mechanism, the decrease is not as pronounced, being less than two-fold. In contrast, when the magnetic core is blocked, relaxation is governed by Brownian motion and inhibited by strong intracellular confinement. This confinement highly affects the heating leading to a ten-fold or even higher decrease in overall heat 76,96,98 . Unfortunately, this scenario corresponds to the performance of the most efficient nano-heaters in water.

As stated before, syntheses have been developed to counter this loss of efficiency in the intracellular environment; however, large quantities of iron oxide NPs are still necessary to reach sufficient heat production. For this reason, mixed ferrites doped with metal ions such as Co, Zn or Mn are explored 99,100 . In vivo studies demonstrated tumor inhibition at safe MHT conditions, once their toxicity limits have been accurately defined 81,101 . Other strategies have been investigated using heterostructures including iron-based elements such as metallic iron or wüstite in core@shell configurations that proved effective for triggering cancer cell death via MHT 102 . For instance, Fe 2+ -deficient Fe3O4 nanocubes obtained from a phase transformation of FeO@Fe3O4 nanomaterials resulted in a singular structure that preserved their magneto-thermal losses in the intracellular environment 102 .

Figure 1: Intracellular confinement of magnetic nanoparticles within endosomes decreases their heating efficiency via magnetic hyperthermia. A) Transmission electron microscopy (TEM) images of magnetic nanoparticles confined in endosomal compartments following their internalization in cells. B) A decrease in generated heat upon exposure to a 18 mT-470 kHz magnetic field is observed for magnetic nanoparticles confined into cellular endosomes (extracted with permission from 96 ).

Magnetic nanoparticles, emerging candidates for photothermal therapy, thus revealed as combined agents for magneto-photothermia

More recently, it was revealed that magnetic nanoparticles are also efficient heaters for photothermia in the near-infrared (NIR) window 20,51,[61][62][63]69,103,104 . This revelation has led to the exploration of the optical properties of these nanoparticles, less visited than the magnetic ones. In PTT, it is the optical excitation of absorbing nanoparticles by a laser light that causes localized heating in the surrounding. Initially, nanoparticles used in photothermia were plasmonic ones, generally gold-based, for which the oscillating electromagnetic field of light engenders a collective coherent oscillation of free electrons at the surface of the nanoparticles. The frequency at which the oscillation is maximal is named localized surface plasmon resonance (LSPR), and depends on metal type, size, shape, and structure 105,106 . Plasmonic nanoparticles with LSPR in the NIR region were preferred to offer deeper laser penetration within tissues, while keeping the absorbance minimal on distant organs. For iron oxide nanoparticles, it was reported that it is the magnetite crystal phase that significantly enhances the photothermal heating of magnetic nanoparticles 69,107 . For instance, with magnetite nanocubes 20 and magnetite magnetosomes [108][109][110] , a very efficient heating was obtained in the NIR spectrum, increasing with concentration (Figure 2). Heating powers were very high, easily reaching the 1-10 kW/gFe range, which was impressive considering that the maximum threshold reached for MHT with magnetic nanoparticles is in the 1000 W/gFe range. These two objects, magnetic nanocubes and magnetosomes, hitherto the experimental forerunners for MHT, were in fact 100 to 1000 times more effective for PTT in the intracellular environment than for MHT. 108 This is due to a similar heat generation when the nanoparticles are in water or confined in the cellular endosomes with PTT, contrary to MHT that suffers a decrease in heating up to 10-fold. Magnetic nanoparticles were then becoming competitors to the state-of-the-art plasmonic gold nanoparticles intended for PTT 96,111 . Hence, photothermal heating with magnetic nanoparticles is now recognized as a viable alternative to MHT 112 . Interestingly, both PTT and MHT modalities have different windows of applicability. PTT is highly effective at low concentrations of nanoparticles, but it is difficult to reach high temperature increments at acceptable (clinically approved) laser power due to heat saturation. Indeed, due to sample adsorption, heating saturates as the concentration increases (calculation details can be found in 108,113 ). By contrast, MHT needs much larger doses of nanoparticles, but suffers no saturation at all with various designs, enabling it to reach high temperatures, provided that the local concentration of nanoparticles is sufficient 89,96 .

Figure 2: A) Magnetosomes (45 nm in diameter) and B) magnetite nanocubes (20 nm in diameter) are efficient nanoheaters under MHT and, more remarkably, under PTT. When subjected to PTT, these nanomaterials reach similar heating temperatures than C) gold nanostars (25 nm in diameter) when at sufficiently high nanoparticle dosages (A is adapted with permission from 108 ; B and C are adapted with permission from 96 ). D-G) "Magnetic" photothermia was also exploited after in vivo injection. D) Magnetosomes were injected intravenously and, once in cells, no heat is produced via MHT, while a high temperature increase is obtained via PTT.

E) Magnetite nanocubes were injected intratumorally. F) Tagging of the magnetosomes with RGD made possible a targeted PTT after intravenous injection. G) The intratumoral injection of the magnetite nanocubes and their exposure to dual (MHT + PTT) excitation drove total tumor ablation. ((D and F are adapted with permission from 108 ; E and G are adapted with permission from 20 ).

Both magnetosomes and nanocubes were investigated for cancer therapy in preclinical in vivo settings 20,108 . Magnetic nanocubes were found efficient for tumor regression with PTT after intratumoral injection. Furthermore, it was possible to move one step ahead and merge MHT and PTT in a single magneto-photo-thermal modality mediated by the same magnetic nanocubes, thereby yielding cumulative heat generation. This antitumoral nanotherapeutic concept based on combined magnetic and photo-induced hyperthermia solely with iron oxide cores provided localized temperature increase leading to complete cancer cell destruction in vitro and complete tumor ablation in vivo 20 (Figure 2E and2G). Concerning the magnetosomes, they were tagged with arginine-glycine-aspartic acid (RGD) and could home to model tumors after systemic administration in mice 108 . They were then able to generate a local cytotoxic heating effect under laser illumination with PTT, while it could hardly be considered with MHT (Figure 2F). This was one proof of concept that a thermal therapy mediated by magnetic nanoparticles could be efficient for tumor growth inhibition after intravenous injection. Other works reporting PTT in vivo, combined or not with other strategies, are referenced in Table 3 51,61,85,104,108,114- 125 . Even if the iron oxide composition of magnetic nanoparticles can already ensure a potential PTT functionality, plasmonic nanoparticles remain more potent for photothermal conversion in the NIR 126,127 . Magnetic hybrid nanoplatforms should thus continue to be considered for cancer theranostics. The rationale is generally to decorate iron oxide cores with plasmonic nanoparticles, such as gold and silver, to deliver an enhanced hybrid with both sets of magnetic and photoexcitable properties 128,129 . Controlled morphologies are built mostly via seed-mediated growth. For this method, metal ions (here gold) are reduced to form small metal nuclei, and these nuclei serve as seeds for the growth of larger nanoparticles in the presence of shape-directing additives 130 . It allows the production of gold nanorods 131,132 , nanotriangles 133 , nanostars 134 , among others. Multi-core iron oxide nanoflowers have this way been combined with a gold-branched shell, which amplified the heat generation at the tumor region 135 . Other designs based on silver are also explored, such as Ag@Fe3O4 nanoflowers that present optimized heating efficiencies in solution 87 . Additional example include gold coating of magnetic nanoparticles that resulted in significant apoptosis with PTT 136 and also magnetic-hollow gold nanospheres that were applied to targeted MRI and photoacoustic imaging of cancer cells, and in addition that exhibited a high PTT effect under NIR laser irradiation 137 . The use of Janus gold-iron oxide nanoparticles was also investigated as efficient heat generator platform when subjected to stand-alone or to combined magnetic and optical treatments, producing a cooperative cytotoxic effect on cancer cells 89 . Moreover, the magnetic part was also utilized to improve cellular internalization of nanoparticles via magnetic targeting. It led to a bimodal treatment: magnetically enhanced PTT that headed to tumor growth inhibition. The control of temperature during hyperthermia therapies is a key determinant toward successful use in clinical practice. In situ thermal tracking approaches are needful to evaluate the magneto-or/and photothermal effects at the target tumor tissue and safeguarding healthy tissues 138,139 . Fiber-optic thermometers can for instance be employed to measure the released heat, but they need to be inserted invasively. Other technics are being developed such as infrared thermometry and, more recently, thermal nanoprobes. In this regard, the local temperature produced by iron oxide nanoparticles under an AC magnetic field or laser light were probed with luminescent nanoparticles [140][141][142][143] , Ag2S quantum dots 144,145 , and fluorescent proteins 35,146 . On the other hand, nanoscale photothermal effects were examined using X-ray spectroscopy to report a higher local heating at the nanoparticle scale 147,148 . 

Combination of thermal and chemical therapies (chemodynamic therapy, ferroptosis) with magnetic nanoparticles only

Other modalities were also explored leveraging the ionic composition of iron oxide nanoparticles (Figure 3). When magnetic nanoparticles are internalized by cells, they can undergo gradual degradation 150,151 , leading to the release of iron-based species within the intracellular environment. This degradation has been shown for various cell types, including cancer cells, and its rate can be tracked in situ by measuring the cell magnetism 152 . Over their biodegradation, magnetic nanoparticles release iron ions, which have been shown to tilt iron metabolism, engaging iron storage and limited iron import 153 . Cellular metabolism adaptation appears generally sufficient to handle iron excess brought by nanoparticle degradation, without impacting cell function 153 . The biodegradability feature of magnetic nanoparticles is currently exploited in clinical settings for the treatment of anaemia, and an iron supplement in the form of magnetic nanoparticles has been approved by the Food and Drug Administration (FDA) and is marketed in the United States under the name Feraheme™.

It is now envisaged that the iron ions released over this degradation can contribute to the anti-cancer therapeutic prospects, this time through chemical means. This emerging approach is sometimes referred to as chemodynamic therapy 42 . It is grounded on the production of reactive oxygen species, which are part of the normal cellular metabolism, but can also engender oxidative stress when in excess. The term ROS englobes several oxygen-containing species, such as hydroxyl radical (•OH), hydrogen peroxide (H2O2), superoxide radical (•O2 -), hypochlorous acid (HOCl) or again singlet oxygen ( 1 O2), that engender varying levels of damage. Chemodynamic agents can for instance convert internal H2O2 into lethal ROS, such as •OH described as the most oxidizing ROS, through Fenton or Fenton-like reactions 154,155 . This ROS production was shown to induce DNA damage and inactivation of proteins, leading to massive cancer cell death. This is in part possible in cancer cells as they present a unique phenotype, with a higher content of hydrogen peroxide in tumors than in normal tissues 156 . However, despite being higher in tumors, the presence of H2O2 remains limited in these cellular environments 42 . Strategies are thus explored to trigger the production of H2O2. Conjugating magnetic nanoparticles with glucose oxidase (GOx) has been attempted in this objective. GOx catalyses the decomposition of glucose, promoting cell starvation, and generates H2O2 in the process. The synergy of glucose depletion and ROS production has been shown to significantly suppress mammary tumor growth 157 . The release of iron ions and production of ROS could also serve ferroptosis purposes 41,158 . Ferroptosis is an iron-dependent cell death path characterized by the accumulation of lipid ROS 22,[159][160][161] . At the biochemical level, in cells undergoing ferroptosis, the reduced activity of glutathione peroxidase 4 (GPX4) is generally central to the mechanism 162 . This enzyme, GPX4, has a phospholipid peroxidase activity that catalyses the reduction of lipid peroxides 163 . When this activity is decreased, lipid peroxides accumulate and initiate ferroptosis. Free iron present in the intracellular pool (for instance Fe 2+ ) are known to drive the transformation of low reactive oxygen species such as H2O2 into much stronger oxidative species such as OH˙ capable to drive the oxidation of most cell components, including nucleic acids and unsaturated lipids 164 . In the context of ferroptosis, the role of iron is among the same line. Free iron ions, and especially Fe 2+ , catalyse the formation of damaging radicals from lipid peroxides, such as lipid alkoxyl (RO•), via the Fenton reaction. This cascade ultimately leads to ferroptosis. This new form of cell death, ferroptosis, is explored for cancer treatment. Molecules encouraging this path, such as the ones that inhibit System Χc -or GPX4 are being assessed 165,166 . The activity of GPX4 can either be inhibited directly or via the depletion of intracellular glutathione (GSH), an essential cofactor of GPX4. GSH level is regulated by System Χc -, a cystine/glutamate antiporter composed of a light (xCT) and heavy chain 167 . The light chain mediates the cystine-glutamate exchange. It exports glutamate and imports cystine within the cells, where it is reduced to cysteine and utilized, with intracellular glutamate, to produce glutathione (GSH).

Molecules encouraging ferroptosis are thus classified in four classes: class I agents inhibit System Χc -; class II directly inhibit GPX4; class III indirectly inhibit GPX4; and class IV induce lipid peroxidation by increasing iron levels or iron oxidation 168 (Table 4). Ferroptosis has been evidenced without external input of iron within cells. On the other hand, it was suggested that the anticancer activity of some iron-based nanoparticles are related to ferroptosis induction, following their degradation and release of ferrous or ferric ions in acidic lysosomes 41 . This has for instance been confirmed on iron oxide nanoparticles coated with gallic acid and polyacrylic acid as their exposure to glioblastoma, neuroblastoma, and fibrosarcoma cells was shown to efficiently induce ferroptosis, with a dose-dependent effect 187 . Triggering the release of additional iron ions derived from magnetic nanoparticles is explored to intensify this effect 188 , such as laser irradiation that has been applied to accelerate nanoparticle degradation and provoke the rapid release of a large pool of iron ions 189 . Using this laser irradiation technique borrowed to PTT approaches, the role of nanoparticle composition in triggering ferroptosis was assessed. Two nanoparticle variants were examined: magnetite nanoparticles, composed primarily of Fe 2+ , and maghemite, their oxidized counterparts that possess a diminished Fe 2+ content. Results underscore that the nonoxidized magnetite nanoparticles, characterized by an elevated Fe2+ content, induced ferroptosis to a significantly greater extent 189 . More complex structures are also built to increase ferroptotic potential, such as vesicles incorporating iron oxide nanocubes into their shell and ascorbic acid into their core 190 . When exposed to a circularly polarized magnetic field, the vesicle shell can be destroyed, and the released ascorbic acid reduces ferric iron derived from IONC into ferrous. Results showed that these hybrid vesicles induced significant tumor suppression, due to ferroptosis-like cell-death. Another platform consisted in sorafenib (for deactivation of GPX4) and iron oxide nanoparticles loaded into the mesopores and onto the surface of mesoporous polydopamine nanoparticles. This nanoplatform was efficient, in particular upon NIR laser irradiation that offered moderate heat and boosted the ferroptosis effect 191 . The direct loading of ferric ions and sulfasalazine in polydopamine nanoparticles was also attempted 192 . In this case, iron ions engendered Fenton reaction, sulfasalazine restrains xCT signaling (the functional subunit of system Χc -) and deactivates GPX4, and the synergistic effect led to ferroptotic death. This effect was intensified with irradiation via near-infrared light and with the acidic tumor microenvironment.

Class

Domino effect of magnetic nanoparticle-based thermal and chemical therapies

An additional trend in cancer therapy consists in helping or activating the immune system of the patient to prevent, control, and ultimately eliminate cancer cells 193 . This cancer immunotherapy or immune-oncology area is encountering clinical success in particular by prolonging survival of patients with rapidly fatal cancers. The therapeutic strategy is grounded on the activation of immune cells such as T cells 193 but also on cell reprogramming. For instance, macrophages have two distinct phenotypes, the M1 and M2. A strategy consists in reprogramming tumor-associated macrophages from the M2 phenotype, which promotes tumor progression, to the M1, which suppresses tumor growth 194,195 internalization might thus not be fully specific. In addition, when the nanoparticles are internalized in cancer cells, they are usually biodegraded, and it releases iron ions 151 . Magnetic nanoparticles and the iron ions released over their degradation are thus being studied for immune cells activation. Exposure of macrophages to iron has for instance been shown to cause their phenotypic change toward a proinflammatory state [201][202][203] . A study based on 102 non-small cell lung cancer (NSCLC) human tissues obtained from patients indicated that, when iron was accumulated in the tumor microenvironment, higher numbers of M1-like proinflammatory TAM were present and patients presented a survival advantage 204 . Similar results were obtained with in vivo injection in mice of cross-linked iron oxide (CLIO) magnetic nanoparticles that are more specifically ingested by phagocytic cells such as TAMs than neighbouring tumor cells or leukocytes 205 . Following injection, tumor growth was delayed and significantly smaller tumor sizes were measured after 15 days when compared to controls 205 . Magnetic nanoparticles have also been shown to orient tumor-associated macrophages (TAM) toward their suppressor phenotype and inhibit tumor growth 194,206,207 . This effect is here also grounded on the degradation of the nanoparticles and accumulation of intracellular iron that promotes the transcriptional reprogramming of macrophages phenotypes. Studies indicate that magnetic nanoparticles can induce a variety of transcription factors related to the expression of iron metabolism-related proteins and that their effects may be related to ROS production by Fenton reaction, TLR4 activation and cytokine production. However, exact molecular mechanisms that initiate the reprogramming of macrophages are still not well understood. All these results comfort in the multifaceted possibilities brought by magnetic nanoparticles, of their capacity to tilt the iron balance within cells, and lead to multiple options for anticancer treatment.

Biocompatibility and biological fate of magnetic nanoparticles

It should first be noted that the biocompatibility, metabolism and excretion pathway of magnetic nanoparticles can vary depending on the type of nanoparticle, the surface coating, size, and on the cell type they are in contact with. Ensuring their biocompatibility involves meticulous surface engineering to minimize adverse reactions with biological entities, prevent cytotoxicity, and mitigate immune response. Chemists have been extensively working on finely tuning the surface properties, such as functionalizing with biocompatible coatings, to aim at optimal biocompatibility and at guaranteeing safe biomedical uses taking advantage on the remarkable capabilities of these nanoparticles. A number of studies and reviews have addressed biocompatibility and fate of magnetic nanoparticles in vitro and in vivo, and can be referred to 153,[208][209][210] .

Within the body, magnetic nanoparticles can interact with biomolecules, such as proteins and lipids, and these interactions will depend on the surface coating and functionalization of the nanoparticles. This can influence their circulation, distribution, clearance, and as such their fate. However, the general path for iron oxide nanoparticles is their excretion through either the renal or hepatic pathway 211 . Renal clearance means that the nanoparticles undergo kidney filtration and are subsequently excreted via the urines. This is particularly true for ultra-small nanoparticles with a low propensity for protein opsonization meaning that they present a small hydrodynamic size 212 . For the hepatic route, nanoparticles are captured by the mononuclear phagocyte system (MPS) or tissue-resident phagocytes, leading to their accumulation in the liver and spleen, and are then subject to biliary elimination and excretion via the stools 211 . This holds especially true for nanoparticles susceptible to opsonization, meaning to the formation of a protein corona, which can trigger recognition and sequestration by the MPS. To avoid recognition, and extend circulation time, antifouling or hydrophilic polymer, such as polyethylene glycol (PEG) 213 or zwitterionic polymers 214 can be coated onto the surface of the nanoparticles. When magnetic nanoparticles are internalized within cells, they are mainly endocytosed, and the endosomal compartments in which they are confined will then become lysosomes 151 . Lysosomes have an acidic pH favourable to the biodegradation of the nanoparticles that will engender the release of iron in the form of ions (Figure 3). These iron ions can then be metabolized by the cells that possess a set of proteins capable of storing, excreting, importing, and changing the valence state of these iron ions. The released iron is thus integrated within the natural iron metabolism of the cells, as confirmed by tracking the fate of nanoparticles synthesized using exogeneous iron isotopes (e.g. 59 Fe, 57 Fe) that could then be monitored and differentiated from the endogenous iron (mainly 56 Fe) 215,216 . Interestingly, quantification of the biodegradation of magnetic nanoparticles in a close in vitro system composed of cellspheroids indicated that they are dissolved rapidly, resulting in an all-or-nothing signal obtained by magnetometry: contribution of small entities derived from the initial nanoparticles is not detectable 217 . This might have implications for its applicative potential, as the initial physicochemical properties might either be fully conserved or absent. Moreover, under specific conditions, human cells might be able to use the iron ions released over the biodegradation for the production of new magnetic nanoparticles, fully biological 218,219 that appear to arise upon weeks of cell culture 220 . This biomineralization of magnetic nanoparticles could become advantageous for repeated treatment due to their potential long-term persistence. A protective coating avoiding the dissolution of the magnetic core could also be considered 217 . 

Conclusion

Iron is one of the few metallic elements placed at the heart of capital biological functions, making its presence essential to life. Iron oxide nanoparticles combine this extraordinary elemental structure with unique size and physicochemical properties. First of all, the nanometric size of iron oxide nanoparticles allows their circulation in the blood stream, penetration within tissues, and entry inside cells. By their size again are brought unique superparamagnetic features, via which they can be "activated" at a distance. Not only can they be directed magnetically, providing a solution for targeting upon injection in the bloodstream, by attracting them using an external magnet. They can also be visualized in vivo via MRI, so used as contrast agents. It is actually the first application these nano-objects obtained regulatory approval for. Again, and of main interest for cancer therapy, they can generate heat when subjected either to an alternative magnetic field (magnetic hyperthermia) or, shown more recently, to light (photothermia). Morphological, structural, and chemical parameters have been identified as responsible factors controlling their heating efficiency in both magnetic and thermal therapies. This generation of heat is being exploited for anti-cancer therapy, to provoke cancer cell death and ultimately tumor ablation. Some clinical trials are already accomplished or underway for magnetic hyperthermia, notably with MagForce (NanoTherm®) 90,91 that has been approved by regulatory boards in the European Union in 2011 for treating brain tumors. The key limitation for MHT remains the poor heating rate, meaning that clinical efficacy is only reached by injecting very large amounts of nanoparticles directly into the tumor. The recent reveal of magnetic nanoparticles as efficient heaters for photothermia in the first and second biological windows has paved the way to the exploration of the optical properties less visited than the magnetic ones 20 , which could overcome this limitation. A question always subjacent to the use of these nano-objects in the body remains their biocompatibility. It is all the more important to consider that magnetic nanoparticles can be degraded by human cells, and the iron ions released over this degradation could engender the production of ROS. Interestingly, cytocompatibility studies show that at even high doses of nanoparticles internalized (up to 10 pg of iron per cell), no adverse effect is observed 153 and this dose can be much higher depending on cell and nanoparticle type, with sometimes reaching up to 80 pg of iron per cell without provoking cell damage 221 . The released iron is absorbed by the natural metabolism of cells, adapted to handle this metallic ion. It goes in accordance with the fact that the production of ROS coming from the degradation of magnetic nanoparticles could be used as chemical trigger of cell death, via chemodynamic therapy or again ferroptosis, but studies indicate that nanoparticle degradation alone is not sufficient for such applications, additional agents are needed to sufficiently imbalance iron homeostasis. Finally, the micromachinery of cancer cells could be either an asset or challenging considering all these applications. Cancer cells have a unique way of managing iron 222 , and as such magnetic nanoparticles' biodegradation products. They have an increased dependence to iron in comparison to healthy cells 222 , but ferroptosis events also regulate their dissemination capacity 223,224 . Despite having more H2O2 than normal cells 225 , the presence of magnetic nanoparticles in their intracellular environment in not sufficient to trigger ferroptosis. Moreover, cancer cells seem able to store iron in the form of magnetic nanoparticles 226,227 , believed as less reactive, in addition to the more conventional iron storage as non-magnetic iron (ferrihydrite) inside the ferritin protein. The progressive understanding of this very specific microenvironment for iron could help in delineating adequate parameters for optimal therapy.
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 3 Figure 3: Path options for magnetic nanoparticles in the intracellular environment. (left) Without additional trigger and at doses relevant for biological handling (typically, when remaining below 10 pg of iron per cell), magnetic nanoparticles internalized within endosomes are progressively degraded. This degradation engenders iron release, which is stored in ferritin proteins. In specific cases, cells can produce new magnetic nanoparticles from the released iron ions. Transmission electron microscopy images illustrating these steps are extracted with permission from 219 for the top image (endosome with intact nanoparticles, right after internalization), 150 for the middle one (degraded nanoparticles), and 218 for the bottom one (biosynthesized nanoparticles). (right) In parallel, the released iron ions, especially Fe 2+ , can engender the production of ROS and enhance ferroptosis. Ferroptosis is an iron-dependent cell death pathway involving the accumulation of lipid ROS via the inhibition of System Xc -and GPX4. Triggering the intracellular degradation of iron oxide nanoparticles, and maintaining the imbalance created by the Fe 2+ excess to promote the formation of ROS, is an additional alternative explored for induction of cancer cell death. (cell structure drawing extracted from smart.servier.com).
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 3 In vivo tumor ablation with PTT

Nanoparticle type, size In vivo tumor model, administration mode (dose) Laser wavelength, power, duration Ref.

  

	Clusters of Fe3O4 nanoparticles (15 nm),	A549 subcutaneous tumor-bearing Balb/c mice,	808 nm, 5 W/cm², 3 min
	225 nm	Intratumoral injection (25 µL at 2 mg/mL)	
	Monodisperse Fe3O4 nanoparticles, 10-310	ICR mice bearing S180 tumors, intratumoral	808 nm, 1.5W/cm², 3 min & 3
	nm; anticancer doxorubicin loading	injection (200 μL at 5 mg/mL)	irradiations
	Iron oxide nanostructures with benzene-	KB subcutaneous tumors, intratumoral injection	808 nm, 2 W/cm², 10 min
	1,3,5-tricarboxylic acid and sodium citrate	(0.5 mg/kg)	
	as co-coordinating agents, 440 nm		
	Assemblies of magnetic nanoparticles (4	HepG2-subcutaneous-tumor-bearing BALB/c nude	808 nm, 1 W/cm², 10 min
	nm) and tannic acid, 76 nm	mice, intratumoral injection (10 mg/kg)	
	Hyaluronan-coated iron oxide	MDA-MB-231 cells subcutaneous tumors in BALB/c	808 nm, 2 W/cm², 10 min every
	nanoparticles	nude mice, intravenous injection (20 mg/kg)	24 h for 8 days
	Iron oxide nanoparticles polysiloxane	SUM-159 tumor-bearing BALB/c mice, intravenous	885 nm, 2.5 W/cm², 10 min
	coated, 25 nm	injection (20 mg/kg)	
	Fe3O4 nanoparticles with carboxyl-	Eca-109 subcutaneous tumors in BALB/c nude	808 nm, 20 min, every 24 hrs
	terminated PEG-phospholipid coating, 9	mice, intratumoral injection (70 µL at 8 mg/mL	for 24 days
	nm	magnetite)	
	Fe3O4 functionalized with carboxymethyl	BALB/c mice bearing S180 subcutaneous tumors,	808 nm, 1.5 W/cm², 5 min
	chitosan, 177 nm	intravenous injection (200 µL at 10 mg/mL)	
	RGD conjugated PEGylated Fe@Fe3O4	U87MG subcutaneous tumor-bearing BALB/c nude	808 nm, 0.5 W/cm², 5 min (3
	nanoparticles, 38 nm	mice, intravenous injection (10 mg/kg)	repeated injections &
			treatments)
	PEGylated Fe@Fe3O4 core/shell	HeLa subcutaneous tumor-bearing nude mice,	808 nm, 0.31 W/cm², 10 min
	nanoparticles, 100 nm	intravenous injection (1.46 g[Fe]/kg)	
	Azo-functionalized Fe3O4 nanoparticles,	BALB/c mice bearing S180 subcutaneous tumors,	808 nm, 2 W/cm², 5 min every
	160 nm	intravenous injection, injected (100 mg/kg)	24 h for 10 days.
	Magnetite magnetosomes linked to RGD	NMRI Nude mice bearing PC3 subcutaneous	808 nm, 1.5 W/cm², 30 min
	peptide, 45 nm	tumors, intravenous injection (200 μl at 3 g/l Fe).	
	Nanogels loaded with hydrophobic	Balb/c mice bearing MCF-7 & 4T1 solid tumors,	808 nm, 3 W/cm², 10 min
	magnetic nanoparticles (20 nm) and	intravenous injection, (3 mg (HCPT)/kg)	
	anticancer drug HCPT, 200 nm		
	Imiquimod loaded iron oxide	C57BL/6 mice bearing orthotopic pancreatic	805 nm, 1 W, 10 min
	nanoparticles, 20 nm	Panc02-H7 tumor, intravenous injection.	
	PLGA nanocapsules of Fe@FeO core-shell	KB tumor (subcutaneous)-bearing nude mice,	808 nm, 0.3 W/cm², 5 min, 2
	(8nm@5nm) (DOX-ICG@Fe/FeO-PPP), 220	intravenous injection (20 mg/kg)	irradiations
	nm		
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