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TITRE ET RESUME EN FRANÇAIS Synthèse de nanoparticules magnétiques et thermosensibles à base d'oxyde de fer pour des applications médicales.

Nous avons développé des nanoparticules hybrides composées de coeurs magnétiques et de couronnes thermosensibles. Des coeurs inorganiques d'oxyde de fer (IONPs) ont été synthétisés pour leurs propriétés magnétiques et biocompatibles. Des couronnes organiques de polymères et polypeptides recombinants à base de motifs élastine appelés « elastin-like polypeptides » (ELPs) ont été greffés pour leurs propriétés thermosensibles. Les nanoparticules hybrides coeurs-couronnes inorganiques-organiques ainsi obtenues ont présenté des propriétés à la fois magnétiques et thermosensibles d'intérêt pour des applications médicales. Ces nanoparticules peuvent être utilisées pour le diagnostic en tant qu'agents de contraste pour l'IRM, et pour le traitement de cancer par hyperthermie magnétique. Des essais in vitro et in vivo sont venus confirmer ces applications potentielles. Ce projet de thèse dédié aux nanotechnologies pour la santé a ainsi intégré de la physique, chimie et biologie. Les résultats les plus représentatifs de ce projet sont présentés ci-dessous. Dans un premier temps, les nanoparticules d'oxyde de fer ont été produites par coprécipitation de chlorures de fer dans une base en milieu aqueux. Cette stratégie de synthèse a permis d'obtenir de larges quantités de matière, de l'ordre du gramme. Cependant, la synthèse par coprécipitation a eu pour désavantage de ne pas contrôler efficacement la morphologie et les propriétés magnétiques des nano-cristaux obtenus. Pour ces raisons, nous avons sélectionné une nouvelle voie de synthèse dite « polyol » pour produire des nanoparticules d'oxyde de fer. Cette méthode a permis de produire des lots de nano-cristaux avec des morphologies et propriétés magnétiques mieux définies.

Des paramètres réactionnels d'importance ont déjà été rapportés dans la littérature, comme la température et la durée de réaction, la vitesse d'élévation de température, la nature des solvants et des précurseurs organométalliques. Pourtant, le rôle crucial de l'eau n'a jamais été rapporté, malgré sa présence nécessaire pour produire des nanoparticules. Nous avons étudié l'influence de la quantité d'eau, et la température à laquelle elle a été injectée dans le système à reflux pour un solvent diéthylène glycol (DEG) ou un mélange de DEG et N-méthyldiéthanolamine (NMDEA). Différentes morphologies ont été obtenues et caractérisées par microscopie électronique à transmission (TEM). Des nanoparticules sphériques (monocoeurs) avec des diamètres de 4 nm ont été synthétisées, ainsi que de plus grosses avec des diamètres de 37 nm. Des morphologies particulières faites d'assemblages irréversibles de plus petits grains (multicoeurs) ont aussi été synthétisées. Une bibliothèque d'échantillons de divers diamètres et morphologies a ainsi été produite, en jouant sur la nature des solvants, et sur l'ajout de traces d'eau à haute ou basse température. Les propriétés de ces nanoparticules ont été étudiées. La mesure par diffusion dynamique de la lumière (DLS) de nanoparticules dispersées dans l'eau a permis d'évaluer leurs stabilités en milieux aqueux. Leurs magnétisations ont été mesurées, démontrant les propriétés superparamagnétiques, avec des aimantations à saturation équivalentes à celle de l'oxyde de fer maghémite sous forme solide (bulk).

Leurs doses d'absorption spécifique (specific absorption rates, SARs) ont été évaluées par mesure calorifique, en mesurant l'élévation de température sous application d'un champ magnétique alternatif.

Nous avons obtenu des SARs allant jusque 296 W⋅g -1 en utilisant des fréquences et amplitudes de champs applicables dans des conditions médicales (fréquence de 755 kHz, amplitude de 10.2 kA⋅m -1 ).

Les échantillons les plus prometteurs ont été étudiés à différentes fréquences et amplitudes à l'aide d'un magnétomètre. Des SARs aussi importantes que 2.000 W⋅g -1 (fréquence de 1023 kHz, amplitude de 20 kA⋅m -1 ) ont ainsi été obtenus. Les nanoparticules ont aussi été testées pour des applications en tant qu'agents de contraste pour l'IRM, en mesurant leurs capacités à relaxer les protons de l'eau en utilisant un appareil de relaxation magnétique nucléaire (RMN) de paillasse à 1.41 T. Les échantillons ont présenté des relaxivités transverses r 2 variant de manière quadratique avec le diamètre dans le cas des nanoparticules sphères lisses, en accord avec les modèles « motional averaging regime » et « outer sphere ». Les relaxivités longitudinales r 1 des plus petites nanoparticules associées avec un ratio modéré de r 2 /r 1 leurs permettent d'être une bonne alternative aux complexes de gadolinium utilisés en tant qu'agent de contrastes positifs pour l'IRM, avec des effets cytotoxiques moindres attendus pour les patients. Les nanoparticules ainsi synthétisées présentent des intérêts pour des applications en tant qu'agents de contraste pour l'IRM, pour l'hyperthermie magnétique, voire pour les deux, en tant qu'agents dits théranostiques (utilisés en thérapie et diagnostic). (1), et thermalisé avec une double paroi en verre dans laquelle circulait de l'eau (2) tout en mesrant l'échantillon par DLS (3). b) La température de l'échantillon (losanges noirs) a été mesurée pendant l'application d'un profil de champs magnétiques (ronds verts). c) Les variations de diamètres hydrodynamiques (moyennés en intensité) ont été mesurés sous application de champs magnétiques (triangles rouges) ou sans application de champs magnétiques (carrés bleus). d) Les diamètres hydrodynamiques ont été représentés en fonction de la température sous application de champs magnétiques (triangles rouges) ou sans application de champs magnétique (carrés bleus).

Un autre axe de cette thèse était de mesurer les variations de hauteur de brosses thermosensibles sous hyperthermie magnétique. Un instrument a été conçu spécialement pour ce besoin, couplant une bobine d'induction pour générer un champ magnétique alternatif à une sonde de température à fibre optique, et un appareil de diffusion dynamique de la lumière pour mesurer la réponse du système en variation de diamètre hydrodynamique et intensité diffusée. Cette approche unique a été démontrée comme étant prometteuse pour estimer la réponse de systèmes magnétiques et Les propriétés des nanoparticules hybrides IONPs@PEG* ont ensuite été évaluées in vitro. A l'origine, ces essais devaient être préliminaires et servir de contrôle à l'étude des nanoparticules IONPs@ELP* 40-60-Tat . Finalement nous avons décidé de faire une étude comparative de l'effet des monocoeurs ou multicoeurs sur l'internalisation cellulaire et la cytotoxicité. Les interactions des IONPs@PEG* avec des cellules humaines du cancer du cerveau (glioblastome) ont été étudiées.

L'internalisation a été observée par microscopie optique, confocale et électronique, par cytométrie de flux et imagerie en fluorescence. Nous avons évalué l'influence de la dose de nanoparticules pendant l'incubation sur leurs internalisations dans les cellules. Nous avons observé que l'internalisation s'est déroulée probablement par micropinocytose, et que les nanoparticules se sont accumulées dans les lysosomes. Chaque cellule a ainsi internalisé quelques dizaines de millions de nanoparticules, sans impact visible sur la viabilité cellulaire. Par contre, après application d'un champ magnétique nous avons observé une forte cytotoxicité. Les nanoparticules multicoeurs se sont révélées plus efficaces que les monocoeurs pour traiter les cellules cancéreuses en culture, amenant à une mortalité cellulaire de près de 90 %. 

GENERAL INTRODUCTION

Nanomedicine is the medical application of nanotechnology. Alternatively, a nanomedicine designates a medicine (a drug) that is encapsulated within a nanocarrier, also called nanovector when exhibiting specific targeting properties. Nanoparticles used for this application have by definition at least one dimension in the range of 1 to 100 nanometers, which allows them to circulate in the body and cross biological membranes. A significant attention given to nanoparticles dedicated to the diagnosis and treatment of cancer led to the development of locally or systemically injectable dispersions of multimodal nano-objects to probe, sense, or treat cancer cells. A wide variety of nanocarriers were developed, based on liposomes, polymers, micelles, nanoparticles, and antibodies. These were designed with the aim of bringing functionalities such as cancer targeting capabilities, bioimaging properties (e.g. by MRI), and drug delivery properties. The delivery of therapeutic agents can be achieved by active means, with for instance nanomaterials responsive toward internal or external triggers. The drug delivery by "smart" materials is expected to achieve a better targeting effect toward cancer cell with a local liberation where the therapeutic agents are needed. This would allow overcoming current problematics such as the bio-distribution and pharmacokinetics of hydrophobic, thus poorly soluble, anti-cancerous drug. This shall permit an increased efficacy of treatments as well as the reduction of the dose and hence of secondary effects. The use of magnetic drug delivery systems presents several benefits, by allowing the triggered release of a drug by external application of a magnetic field, able to penetrate deep into tissues compared to light or ultrasound actuation for example. The chemotherapy can be coupled with a magnetic hyperthermia therapy in a synergistic manner when the elevation of temperature is significant to sensitize the tumor cells to a chemo-or radiotherapy, or to trigger the thermal transition of the carrier. Iron oxide nanoparticles (IONPs) are good candidates for this application as they are biocompatible, biodegradable, and present contrasting properties for MR imaging. The morphologies of iron oxide nanocrystals can be optimized by adjusting synthesis conditions. This potentially leads to hyperthermia agents demonstrating large specific absorption rates, meaning that they convert efficiently the electromagnetic energy into thermal energy at the tumor location.

This doctoral project was dedicated to bring new advancements to iron oxide based nanomedicine. The main objective of this project was to synthesize drug delivery platforms that have both magnetic and thermosensitive capabilities, applied to the field of cancer diagnosis and treatment.

IONPs presenting strong heating properties under application of an external alternating magnetic field were synthesized. As in the field of nanotechnology the control over the morphologies dictates the properties of the materials, an efficient route had to be employed to prepare the IONPs. Another criterion was the amount of IONPs produced by individual batches. Synthesis at gram-scale was needed for both physics characterization and in vitro/in vivo investigations, which demand significant amounts of material for preclinical studies that have to be repeated on several animals. At the beginning of this project, we have used the water-based co-precipitation route that led to ∼100 g of IONPs. These IONPs however exhibited very broad size distributions. A multi-step size-grading method was applied post-synthesis, leading to a non-satisfying improvement on the quality of the samples. We therefore decided to explore another synthesis pathway which led to lower quantities than the co-precipitation method, but allowed obtaining better defined nanoparticle morphologies.

IONPs were produced with the aim of obtaining good control over their morphologies, sizedistributions, crystallinity, heating properties under application of magnetic hyperthermia. Selecting conditions of polyol synthesis such as solvents and amounts of water added led to a control over the nucleation and growth of iron oxide nanocrystals. The size of the nanocrystals could be tuned from 4 nm up to 37 nm, with a low standard deviation and either monocore or multicore morphologies. Their properties as MRI contrast agents were assessed and compared, to possibly lead to theranostic agents that could be employed both for the diagnostic by MR imaging and treatment of cancer by magnetic hyperthermia. The stability of the nanoparticles dispersed in solution was evaluated, both in pH buffers and in a cell culture medium, as it strongly influences their properties. Every effort was made to obtain nanocrystal surfaces free of organic molecules and fully available for subsequent surface modification.

Different anchor groups were tested for surface modifications, such as carboxylic acids, silanes, and phosphonic acids. They allowed grafting molecules of interest at the surface of IONPs, by bridging the gap between the inorganic core and the organic shell. Different molecules and macromolecules were grafted, such as fluorescent probes (rhodamine, DY700), a thermosensitive polymer poly(dimethylaminoethyl methacrylate) (PDMAEMA), a stealth polymer poly(ethylene glycol) (PEG), and thermosensitive elastin-like polypeptides (ELPs) fused with a cell-penetrating peptide (CPP) Tat. Two types of bioconjugation strategies of the IONPs with the organic shells were tried out: the divergent and the convergent grafting approaches. The divergent strategy was used in the first steps of the project, when developing surface modifications with silanes. Due to their propensity to self-polymerize and form oligomers, it was not possible to perform chemical modifications using silane anchor groups before final bioconjugation with the IONPs. The silane terminated anchor groups had to be grafted first on the IONPs, and the final shell was constructed by successive covalent assembly of heterofunctional linkers and macromolecules. Switching to relatively chemically inert phosphonate anchor groups led to the possibility of using a convergent strategy, with a chemical modification of fluorescent probes, polymers and polypeptides beforehand, in a step prior their bioconjugation with IONPs. This made possible the characterization of the chemically modified (macro)molecules by classical methods such as TLC, mass-spectrometry, NMR, and IR spectroscopies. The bioconjugation of the (macro)molecules with the IONPs was finally carried in a single step, in mild conditions of reaction, leading to readily stable dispersions of nanoparticles. The newly formed hybrid core-shell structures presented new properties: magnetism due to their iron oxide core, and thermosensitive, cell-penetrating, stealth, fluorescent properties depending on the surface modification selected. This led to the equivalent of Swiss-knives multi-potent nano-objects for medical applications.

The magnetic and thermosensitive properties were assessed using an in-house set-up, coupling a dynamic light-scattering (DLS) apparatus with magnetic hyperthermia. This novel and unique set-up allowed measuring simultaneously the temperature of the solutions dispersing the nanoparticles using an optical fiber probe, and measuring the hydrodynamic diameter of the nano-objects using DLS in backscattered light mode (165° angle). This instrumentation was used to assess the magnetic and thermosensitive properties of IONPs grafted with PDMAEMA first, and then with ELPs. Various potential drug delivery systems obtained through different collaborations with other laboratories were also characterized using this combined DLS-magnetic hyperthermia set-up. Thermosensitive "selfimmolative" poly(ethylene oxide)-block-poly(ethyl glyoxylate)-block-poly(ethylene oxide) (PEG5k-PEtG50k-PEG5k) copolymers received from the research group of Elizabeth R. Gillies (Western University, Department of Chemistry, London, Canada) were mixed with surfactant-coated IONPs by a nanoprecipitation process to produce magnetic micelles responsive to magnetic hyperthermia.

Magnetic and thermosensitive hollow capsules of silica-containing iron oxide covered by a layer of poly(N-isopropylacrylamide) (PNIPAM) were received from the team of Markus Gallei (Technische Universitat Darmstadt, Ernst-Berl-Institute for Chemical Engineering and Macromolecular Science, Darmstadt, Germany). They proved to be thermoresponsive under magnetic hyperthermia by undergoing large variations of diameter. Thermosensitive microgels obtained by precipitation copolymerization of oligo(ethylene glycol) methyl ether methacrylate, di(ethylene glycol) methyl ether methacrylate, oligo(ethylene glycol)diacrylate and methacrylic acid loaded with IONPs were received from the team of Pr. Laurent Billon (Université de Pau et des Pays de L'Adour, Equipe de Physique et Chimie des Polymères, Pau, France). These magnetic microgels underwent large variations of volume under magnetic hyperthermia. These collaborations allowed studying the properties of different designs with magnetic and thermosensitive properties: micelles, capsules, microgels. These systems illustrate the large variety of strategies that are currently developed for drug delivery applications.

The doctoral project that was oriented toward inorganic chemistry, surface chemistry, physical characterization and instrumentation later took a turn toward medical applications of the newly designed systems. IONPs grafted with PEG for stealth purposes and a DY700 probe for tracking of the nanoparticles were produced. The monocore and multicore morphologies of the iron oxide cores were tested in vitro conditions to compare their cytotoxic effect on cancerous glioblastoma cells after application of magnetic hyperthermia treatment. This study was performed in the group of Franck Couillaud (Imagerie moléculaire et thérapies innovantes en oncologie (IMOTION), Bordeaux, France). A strong emphasis was placed on deciphering the internalization pathway of the nanoparticles inside the cells. Comparing results obtained by flow cytometry, transmission electron microscopy (TEM), laser scanning confocal microscopy (LSCM), fluorescence and bioluminescence imaging allowed to gain core insight on the fate of internalized IONPs. A macropinocytosis internalization pathway was evidenced by observing the deformations of cells' membranes by TEM on cell microtomes, and the nanoparticles were shown to end-up inside lysosomes. The preparation of the TEM samples was performed by Sabrina Lacomme and Etienne Gontier (Bordeaux Imaging Center, Bordeaux, France) within a frame of collaboration with them. The influences of core morphologies, doses administrated during incubation, and effect of magnetic hyperthermia treatment on the cell viability were compared and quantified. The best efficacies were obtained with multicore morphologies, independent on the range of doses explored, with cytotoxic effects leading to decreases of up to 90 % of cell viability.

Following the study of IONPs core morphologies effect on internalization of nanoparticles and cytotoxicity, the surface modification effect was examined. The surface of monocore IONPs was modified with a diblock ELP 40-60-Tat providing both thermosensitive and cell-penetrating properties.

The superior internalization of the ELP 40-60-Tat modified nanoparticles compared to a more classical PEG surface modification was demonstrated. The internalization pathway in lysosomes was described both by TEM and confocal imaging on cells. The nanoparticles were shown to liberate the content of the lysosomes under magnetic hyperthermia, by rupture of their membranes. The fate of the IONPs in cells from their internalization to the application of the treatment illustrated the strong advantage of magnetic nanoparticles for drug delivery applications, as they were able to liberate the content trapped inside lysosomes using an external trigger. Interestingly, we could image cellular division where the lysosomes and nanoparticles were equally shared and passed along among daughter cells. This allows the potential treatment of several generations and/or successive application of magnetic hyperthermia on time scales superior to the cells' life cycles. The biodistributions of nanoparticles modified with PEG or ELP 40-60-Tat was studied by intravenous administration in mice bearing a subcutaneous xenograft model of a brain tumor. The IONPs which surface was modified with ELP 40-60-Tat proved to accumulate more in tumors compared to PEG, with a larger cell internalization attributed to the Tat cell-penetrating peptide. As it is a major challenge in the drug delivery field, the fraction of administered dose effectively reaching the tumors was shown however to be insufficient to lead to a significant reduction in tumor activity by application of magnetic hyperthermia treatment. A local administration by intratumoral injection led to a greater accumulation of nanoparticles in the area to treat. A larger effect on tumor activity was evidenced, more pronounced in the case of ELP 40-60-Tat modified nanoparticles.

The content of the thesis is described in detail in the following six chapters, starting with an overview of literature. This allows the reader to understand the context of the research and to discern the novelties of the hybrid core/shell inorganic/organic nanoparticles synthesized and their associated

properties. An in-detail description of the synthesis of IONPs derives from a review on fundamental and advances in magnetic hyperthermia that was written at the beginning of this thesis. The overview of literature is followed by five chapters reporting materials, methods, experimental results and discussions on the issues listed beforehand. The majority of the content of experimental chapters was adapted from five articles published or submitted, hence the choice of presentation. This summary of three years' of data was non-chronologically divided in five parts for better clarity. The experimental chapters are ordered to present i) the chemical routes towards iron oxide nanoparticles of different sizes and morphologies, ii) the surface functionalization of iron oxide nanoparticles, iii) the magnetic and thermosensitive properties of drug delivery systems, iv) in vitro internalization of monocore and multicore IONPs modified with PEG in glioblastoma cancerous cells and their cytotoxic effect under magnetic hyperthermia treatment, v) and finally in vitro and in vivo internalization of IOPNs grafted with ELP 40-60-Tat in glioblastoma cancerous cells and tumors, and their cytotoxic effect under magnetic hyperthermia treatment. 

LIST OF ABBREVIATIONS

CHAPTER I BIBLIOGRAPHY 1. Introduction on nanomedicine

Figure 1 Systems and strategies used for drug targeting to tumors. A-E: Drug targeting systems. Liposomes and liposomal bilayers are depicted in gray, polymers and polymer-coatings in green, linkers allowing for drug release and for sheddable stealth coatings in blue (rectangles), targeting ligands in yellow (arrows), antibodies and antibody fragment in purple, imaging agents to monitor biodistribution and target site accumulation in orange (suns), and conjugated or entrapped (chemo-) therapeutic agents in red (stars). [1] Nanotechnology dedicated to the field of health-care led to the emergence of another discipline called nanomedicine at the beginning of the 21 st century. [2] It is a large industry, with sales reaching up to $43.2 billion in 2010 and with a compound annual growth rate of 14.1%. [3] This high market progression and value can be explained by the polyvalence of nanomedicine, which finds applications in multiple stages of health care, from diagnostics to therapy. The objects described in nanomedicine have by definition a size between 1 and 100 nm, so approximately from the size of a protein to the size of a pore of a cell, enabling them to progress in living tissues. [4,5] A significant effort of research and development from academy and industry is put toward cancer diagnosis and treatment, as it is the second cause of death in Europe and North-America, after cardiovascular diseases. According to the World Health Organization (WHO), the United Nations public health arm, 8.2 million people worldwide died from cancer in 2012, and 30% of cancers could be prevented.

GLOBOCAN 2012: estimated cancer incidence, mortality and prevalence worldwide in 2012 is a study carried out by the WHO; it shows that the strongest cancer incidences are in Australia, New-Zealand, Northern America and Europe, and that men are significantly more prone to cancer than women. The products aimed to treat cancer represent 45% of the products in clinical development.

Different systems and strategies have been developed for drug targeting to tumors (Figure 1). These systems can be tentatively sorted into five categories: liposomes, polymers, micelles, nanoparticles, and antibodies. [1] Major pharmaceutical groups have a strong interest toward nanomedicine and dedicate significant efforts in drug delivery systems to target specific areas in the body and to reduce cytotoxic side effects of the treatments. This interest concerns AstraZeneca, Cytimmune, Bind Therapeutics AMGEN, and Pfizer among others, which understood that nanodelivery could be a way to use previous powerful cancer treatment candidates that have not obtained approval because of their non-specific toxicity and strong side effects. [6] Governmental and extra-governmental organizations try to unite research and forerunner industrial efforts to the field of nanotechnology for health. A Nanomedecine European Technology platform regrouping experts and industrials has been created in 2005 and approved by the European Commission. In the USA the American Society for Nanomedicine is a professional, academic and medical society dedicated to advancing research in nanomedicine. In France, the French Society for Nanomedecine was created in 2014, in continuation to the "Groupe Thématique de Recherche sur la Vectorisation" founded by Pr. Patrick Couvreur in 1986. These organizations aim to establish a clear strategic vision, to decrease the fragmentation in nano-medical research, help public and private funding and boost innovation.

This thesis is devoted to the development of drug nano-carriers that have both thermosensitive and magnetic properties, allowing a release of the drug under magnetic hyperthermia (MH). Iron oxide nanoparticles (IONPs) are prominent candidates for this application as they combine diagnostic and therapeutic properties. Their applications as drug-carriers, [7] contrast agents for magnetic resonance imaging (MRI), [7] and/or magnetic heating agents [8] have already been demonstrated.

Synthesis of iron oxide nanoparticles

The choice of the magnetic material to be employed in MH is virtually infinite since, in principle, every magnetic compound can be synthesized under nanoparticulate form by chemical or physical procedures. However, a set of factors has to be taken into account for accomplishing safety requirements, especially biocompatibility. In this sense, iron oxides feature as the most attractive candidates and are reviewed in details thereafter.

Main characteristics of iron oxide nanoparticles

Iron is the fourth most common element in the Earth's crust, existing in oxidation states from -2 to +6 with common oxidation states of +2 and +3. Ochre composed of antiferromagnetic iron oxohydroxide magnetic nanoparticles (MNPs) (acicular haematite nano-spindles, goethite nano-laths, wüstite nanospheres) have been used as natural pigment since early ages of mankind, and thus can be considered as the forerunners of manufactured and environmental MNPs. [9] Iron oxide-based MNPs combine several physicochemical aspects leading to attractive properties. These MNPs typically have two or three dimensions under 100 nm, which provides a high surface-to-volume ratio and leads to different properties than those of bulk iron oxide materials. Human metabolism maintains the homeostasis of iron, controlling this necessary (but potentially toxic in excess) element. The human body is able to tolerate the oral administration of iron at 5 mg per kg of body mass, [10] well below the limit of acute toxicity in the range of 300-600 mg per kg of body mass as determined on Wistar rats with FeSO 4 as the source of iron. [11] This "iron pool" of the organism consists of both molecular iron ions (hemoglobin) and in nanoparticulate forms (ferritin), as a protein capside encapsulating an antiferromagnetic ferrihydrite core. This unique biocompatibility feature, along with their magnetic properties, make IONPs excellent candidates for biomedical applications such as contrast agents for MRI, cell labeling, magnetic separation, drug delivery assisted by direct current (DC) or alternative current (AC) magnetic fields or magnetic heating mediators. [12] The following discussion will be mainly focused on MH in this section, and the materials reviewed will mostly consist in either pure iron oxides or ferrites of the general formula MFe 2 O 4 where M stands for another transition metal, or two different metals in the case of either mixed ferrites (M,M')Fe 2 O 4 or core-shells MFe 2 O 4 @M'Fe 2 O 4 (core@shell).

Figure 2 Schematic representation of a superparamagnetic particle. Note that although the moments within each particle are ordered (red arrows), the net magnetic moment of a system containing MNPs will be zero in the zero field and at high enough temperatures. In the presence of a field, there will be a net statistical alignment of magnetic moments, magnetization being defined as the volumic concentration of oriented moments. [13] Frenkel and Dorfman were the first to predict in 1930 that a particle of a ferromagnetic material below a critical size consists of a single magnetic domain. [14] It is now accepted that a ferromagnetic particle of iron oxide with a radius under 30 nm is composed of a single domain particle, [15] meaning that under any magnetic field it will maintain a state of uniform magnetization (i.e. all the magnetic moments within the particles are pointing towards the same direction) (Figure 2).

A colloidal assembly of this type of nanoparticles suspended in a liquid is considered "ferrofluid" as long as it stays in a monophasic state (no sedimentation or aggregation). At thermal equilibrium and under no external magnetic field applied, there is no net magnetization of the ferrofluid due to thermal agitation leading to random orientation of the grains and thus of their magnetic moments when considering the whole population of IONPs. The magnetization of single domains particles in thermodynamic equilibrium is identical to that of paramagnetic atoms or ions, except that extremely large moments are involved, of several hundred to thousands of Bohr magnetons. [16] Such thermal equilibrium, termed superparamagnetism follows the so-called Langevin's theory of paramagnetism when the IONPs are in a dilute state where dipolar interactions can be neglected. [17] The properties exhibited by iron oxide NPs make them good candidates for either diagnosis or therapy as MRI contrast agents to assist diagnosis and for radiofrequency MH to remove cancerous cells by applying a thermal shock mediated by the IONPs. It is possible to engineer theranostic systems in which both these applications are integrated in the same nanostructure for simultaneous detection and treatment of diseases. [18] Superparamagnetic IONPs can be obtained by various physical or chemical methods. Among others, the physical ones consist in top-down processes such as laser-induced ablation of macroscopic targets of iron or iron oxides [19] resulting in polycrystalline IONPs with wide size distributions, or mechanical milling of bulk iron oxide [20] with subsequent mechano-chemical effect reducing the degree of crystallinity as compared to the starting material (also existent in other compounds [21]). Bottom-up processes, consisting in the synthesis of IONPs from iron ions or molecular precursors, offer the great advantage over physical methods of controlling the composition, size and shape to achieve the desired properties by adjusting reaction parameters. The synthesis routes comprise the aqueous ferrous and ferric salts alkaline co-precipitation, the thermal decomposition of organometallic complexes, the alkaline hydrolysis in a polyol solvent, and the post-synthesis hydrothermal treatment (i.e. under high pressure) are among the most described in the list. These methods will be described in further details thereafter. In all synthesis methods, the so-called "LaMer model" is often evoked to interpret the size distributions of the synthesized IONPs. Originally established to describe the mechanism of formation of monodisperse hydrosols, [24] it was extensively used to explain the formation of any type of IONPs from (poly)atomic precursors. This model states that different processes are involved during the precipitation of IONPs: nucleation, crystal growth, and Ostwald ripening (Figure 3). Ideally, nucleation and crystal growth steps are separated, meaning that a burst of nucleation occurs at the early stage of the synthesis, followed by crystal growth through diffusion of the reactants to the nuclei. Because the physical properties of the nanocrystals are strongly dependent on their shape, size and size distributions, many publications have reported different synthetic pathways in order to produce good quality materials with narrow size distributions, leading to controlled magnetic behaviors. Some of these findings are reported below.

Moskowitz and Rosensweig

Co-precipitation method

Figure 4 a) Transmission electron microscopy (TEM) images of iron oxide nanoparticles synthesized by aqueous alkaline coprecipitation followed by a size-sorting method based on ionic force induced phaseseparation of (1) 5.3 ± 1.0 nm, (2) 6.7 ± 1.4 nm, (3) 8 ± 1.7 nm, (4) 10.2 ± 2.9 nm, and (5) 16.5 ± 7.5 nm. b) Magnetization M of samples no. 1-5 normalized to magnetization saturation Ms as a function of the applied magnetic field is well fitted by Langevin's law weighted by the log normal distribution of particle diameter (solid lines). c) Size distributions deduced from the fit of magnetization curves for samples no. 1-5. [25] The alkaline co-precipitation of ferrous and ferric salts is widely used because it is a convenient and reproducible pathway to synthesize IONPs and obtain them directly dispersed in aqueous media. It is commonly referred to as "Massart's method", as Massart reported it first in 1981. [26] A variant was proposed quite simultaneously by Molday and Mackenzie in presence of a polysaccharide (Dextran). [27] This aqueous route to colloidal magnetite can be scaled-up to produce even kilograms of IONPs; thus, it is the method used by industries to produce commercial iron oxide contrast agents with well-adjusted parameters such as the mixing and addition rates of reactants to produce perfectly calibrated and reproducible batches. The precursors used are ferric (Fe 3+ ) and ferrous (Fe 2+ ) chlorides, sulfates or nitrates, first dissolved in an acidic aqueous solution to prevent the individual precipitation of hydroxides whose solubility products are very high, respectively pKs=34

for Fe(OH) 2 and pKs=44 for Fe(OH) 3 , respectively. Then they are "co-precipitated" (meaning the two valences of iron ions together) under the addition of a strong base (commonly NH 4 OH or NaOH), according to the reaction:

2 Fe 3+ + Fe 2+ + 8 OH -→ Fe 3 O 4 + 4 H 2 O
Controlling the salt metathesis of iron precursors into iron hydroxides followed by sol-gel reaction is not a straightforward task because it occurs instantaneously upon mixing; thus, the conditions have to be adequately set. The Fe 3+ / Fe 2+ ratio, the nature of the anions in the salts, along with the final pH of the solution (dictated by the molar ratio R of OH -ions to total iron ions compared to the stoichiometric value R = 8/3), temperature, mixing rates, ionic strength and optional presence of ligands (citrate, tartrate, etc.) greatly affect the nature of the nanocrystals obtained, including their size and shape. Magnetite (Fe The use of stabilizers during the co-precipitation process has been reported as a way to produce good quality materials with a narrower size distribution. Efficient stabilizers include poly(vinyl alcohol) (PVA), tri-sodium salt citrate, tartrate, or other multivalent carboxylate ions. An important criterion toward the selection of these organic additives is their hydrophilic or lipophilic affinity, which determines the final solubility of the IONPs in organic or aqueous solvents. For biomedical applications, hydrophilic ligands are used to ease the dispersion of the resulting particles in aqueous systems. Regarding shape and size control, co-precipitated samples under electron microscope usually exhibit "rock-like" IONPs with broad size-dispersity, corresponding to diameters ranging from 5 to 15 nm. As a post-synthesis process, a size-grading procedure based on the addition of an electrolyte allows to obtain narrow size-dispersities. The addition of an electrolyte in excess screens out the electrostatic repulsions between the iron oxide MNPs and leads to a liquid-liquid phase separation in two fractions respectively named S ("supernatant") and C ("culot"), which are enriched with the lower sizes (respectively larger sizes) fractions of the initial distribution as shown in Figure 4. This was the method employed in one of the first articles describing the size effects on magnetic heating efficiency, [29] in agreement with Rosensweig's linear relaxation model. [30] 

Nano-template methods

Several template synthesis methods have been described in the literature in order to orient the particles' geometry and to narrow the size distribution, as compared to co-precipitation in batch leading to a broad range of diameters. The use of pre-existing nanostructures as nano-molds was recently reviewed for organic templates, i.e. surfactants and polymers. [31] Inorganic templates such as mesoporous silica matrixes synthesized by the sol-gel route have also been tried out, since they enable to perform combustion synthesis at temperatures as high as 400°C while avoiding the issue of aggregation and sintering of the nanocrystals. [31] Regarding micro-emulsions, these are composed of a nano-sized, thermodynamically stable dispersion of two immiscible solvents (water / oil) stabilized with a surfactant (dodecyl sulfate, Triton X-100, etc.) that can be used as medium to produce IONPs.

In water-in-oil micro-emulsions, the iron precursor is solubilized in the water droplets forming confined reactors. The molar ratio of water-to-surfactant determines the size of the reverse micelles.

Upon addition of a strong base, co-precipitation is initiated. The precipitating agent can be introduced directly in the emulsion of precursors or as a stabilized emulsion. In the latter case, the droplets containing the iron salts and the droplets containing the base collide and coalesce together, allowing the formation of IONPs. Since the size of the micelles is in the nanometer range, IONPs as small as 7.4 nm can be produced. [32] However, this method requires large amounts of solvents for small yields with a relatively low control of shape, crystallinity and monodispersity. ferrites, [33,34] magnetite [24,35] and maghemite [22] nanocrystals with good water solubility and high crystallinity. Typically ferric and ferrous salts are mixed with a controlled molar ratio in an aqueous solution and precipitated upon addition of a base, similarly as in the co-precipitation method.

Hydrothermal method

The MNPs are then transferred into an autoclave for further aging at temperatures ranging from 150°C to 200°C under pressure. Starting with nanocrystals of 12 nm, the hydrothermal treatment leads to particles of 39 nm with ferrimagnetic behavior at room temperature. [24] The hydrothermal method leads to MNPs with very large sizes, good crystallinity and high saturation magnetization. However, although the nucleation and growth steps are well separated (different conditions of temperature and pressure), the particles after hydrothermal treatment exhibit rounded (as opposed to faceted) yet rather ill-defined shapes as depicted in Figure 5. Therefore, this method still needs adjustments to limit the growth at the step of quasi-spherical particles of intermediate sizes (e.g. 20 nm).

Thermal decomposition method

Figure 6 TEM images of iron oxide nanocubes for cube edge lengths of A) 12 ± 1 nm, B) 19 ± 3 nm, C) 25 ± 4 nm, and D) 38 ± 9 nm. Panels from E-H) (scale bars of 50 nm) are higher magnifications of samples shown in panels from A to D (scale bar of 100 nm. [36] Originally introduced by Heyon [27] and concomitantly by Sun [29], the thermal decomposition of various organometallic complexes (iron pentacarbonyl, [27] acetylacetonate, [29] oleate, [30] or stearate [31]) in apolar organic solvents in the presence of ligands (oleic acid and/or oleyl amine) was reported as a synthesis path leading to the best geometrically-defined nanocrystals. These syntheses are performed at reflux of high boiling point solvents, commonly 1-octadecene (T eb = 318°C), octyl ether (T eb = 288°C), or diphenyl ether (T eb = 268°C). Several morphologies can be obtained from perfectly spherical [27,[29][30][31] to slightly polyhedral, [31] or prismatic [8] and cubic [37][38][39] by controlling the synthesis parameters. As seen on Figure 6, the nanocube morphology decreases the surface disorder and/or spin canting effect, which was interpreted as the origin of the observed decrease of the magnetic anisotropy constant as compared to a spherical particle of same volume, [40] and possibly of the overall magnetic heating properties of the dispersions. [41,42] For all these syntheses, the reactants can be introduced following a "hot injection" protocol at the high reaction temperature, leading to a rapid formation of nuclei called "burst", caused by the sudden supersaturation of the solution with precursors. Alternatively, reactants can be introduced following a "heating-up" protocol: the solvent, the precursors and the ligands are mixed at a lower temperature before being heated at a controlled rate up to the reaction temperature, leading to the formation of nanocrystals. Compared to other routes, the thermal decomposition method has the superior advantage to dissociate the nucleation step and crystal-growth step which occur at different temperatures (ca.

200-240°C for the decomposition of the organometallic complex leading to precursors and up to 300°C for the growth, respectively). Whatever the source of iron (FeCO 5 , Fe(acac) 3 , FeCl 3 , etc.), it has been hypothesized that at the temperature at which pyrolysis occurred, iron carboxylate salts of the ligand used (e.g. iron oleate) were the real precursors. [43] Iron oleate complex can be produced before reaction from the inexpensive FeCl 3 ⋅6H 2 O chemical [44] but it has to be purified beforehand in order to remove chlorine anions from the medium. Fatty acids such as oleic, decanoic or lauric acid, possibly mixed with fatty amines like oleylamine or hexadecylamine, are used as surfactants chemisorbed on the surface of the MNPs: first they can orient towards a specific morphology of the MNPs by blocking the growth of certain crystallographic facets compared to others; then, at the end of reaction, they assist the MNPs' dispersion in organic solvents, and prevent aggregation by pointing outside into the solvent their non-polar chains. It should be noted however that the seed-and-growth technique consisting in adding more precursors to initially synthesized seeds enables to increase the sizes, but an imperfect epithaxial growth (i.e. internal defects existing within the crystals) can result in poor magnetic response. [45] Figure 7 TEM micrographs and normalized size distribution histograms of iron oxide nanoparticles synthesized in 1-octadecene. Scale bars of 50 nm. [46] In principle, the ratio of organometallic reagents, surfactant(s) and solvent drives the morphology and sizes obtained, but also other parameters like increasing the reaction time in absence of stirring as indicated in Figure 7. [44] In some cases, further oxidation improves the crystallinity of the nanograins, [27] as it is also the case by applying a magnetic hyperthermia treatment that acts as an annealing process. [45] MNPs obtained this way are dispersible in polar solvents and are not water miscible, which is a limitation for biological applications. Following a ligand-exchange strategy, fatty acids can be exchanged with polar molecules, such as tetramethylammonium hydroxide (TMAOH)

followed by adsorption of a synthetic polypeptide with a poly(aspartic acid) block, [47] or chemical grafting of charged organosilanes. [48] Amphiphilic polymers can also be used as phase transfer agents while keeping a good size-dispersity and colloidal dispersion, such as poly-(maleic anhydride alt-1octadecene). [49] The use of multidendate ligands such as meso-2,3-dimercaptosuccinic acid has also been reported. [44,50] Lee 

Polyol method

Figure 8 A-D) TEM micrographs of nanoflowers with sizes tuned by adjusting NaOH equivalents relative to iron chloride precursors. D) SLP (black bars) and mean diameter (red squares) of the samples. [START_REF] Hugounenq | Iron Oxide Monocrystalline Nanoflowers for Highly Efficient Magnetic Hyperthermia[END_REF] In this method, the metal precursors (acetates or chlorides) are added to a polyol solvent (diol, triol), usually diethylene glycol (DEG), 1,2-propylene glycol (PG) or ethylene glycol (EG), exhibiting good chelating properties and stabilizing the precursors. Iron hydroxide precursors can be produced in situ by addition of NaOH to the ferrous and ferric iron chlorides (one equivalent relatively to chloride anions). Heating and mixing the solution helps to solubilize the precursors before reaching temperatures higher than 150°C, at which the polyol molecules chelated to the metal cations undergo a nucleophilic substitution reaction by water molecules (Figure 9), with the formation of a hydroxide according to the following scheme:

Figure 9 Proposed scheme for complex formation and its hydrolysis in DEG solution. [START_REF] Caruntu | Reactivity of 3d Transition Metal Cations in Diethylene Glycol Solutions. Synthesis of Transition Metal Ferrites with the Structure of Discrete Nanoparticles Complexed with Long-Chain Carboxylate Anions[END_REF] Where M represents a divalent metal cation (e.g. Fe 2+ , Co 2+ …). The mononuclear hydroxide reactive intermediates M(OH) 2 and 2 Fe(OH) 3 react to yield MFe 2 O 4 and 8 H 2 O as in the coprecipitation reaction, the difference being that the organic ligands are coordinating the iron oxide surface. The equation also shows the necessity of a small amount of water, thus heating is carried at reflux rather than in an open vessel. After cooling down to room temperature, nanocrystals are extracted before being dispersed in water. The approach is similar to the thermal decomposition method previously described, except that the as-produced MNPs have a polar surface and are readily dispersible in aqueous solvents. The oxidized products of the polyol still attached as a corona wrapping the magnetic cores can be removed by extensive washings for further functionalization of the iron oxide surface. Magnetite, maghemite, nickel ferrite and cobalt ferrite have been reported to be synthesized this way with adjustable sizes and hyperthermia response at industrial scale. [START_REF] Baldi | Magnetic nanoparticles for the application in hyperthermia, preparation thereof and use in constructs having a pharmacological application[END_REF] It has also been reported that the reaction of iron (II) and (III) chloride salts in NaHDEG with traces of water produce well-defined nanocrystals later dispersible in water. [START_REF] Kucheryavy | Superparamagnetic Iron Oxide Nanoparticles with Variable Size and an Iron Oxidation State as Prospective Imaging Agents[END_REF] NaHDEG is prepared by reaction of metallic sodium with DEG. This synthesis produces small crystals between 3 and 8 nm, thus more interesting as MRI contrast agents than as heat mediators. Cobalt ferrite (CoFe 2 O 4 ) MNPs of different size grades from 5.4 to 40 nm were also synthesized in DEG from Co 2+ and Fe 3+ acetate complexes and further made hydrophilic or lipophilic with suitable phosphonic and hydroxamic acids. [START_REF] Baldi | Synthesis and Coating of Cobalt Ferrite Nanoparticles: A First Step toward the Obtainment of New Magnetic Nanocarriers[END_REF] But the polyol route can also lead to much larger MNPs, in particular to flower-like assemblies of smaller iron oxide crystallites. These so-called nanoflowers, as depicted on Figure 8, are multi-cores but behaving as magnetic single domains of size equivalent to the outer diameter, thus presenting very high SAR values. They can be synthesized from iron chlorides precursors in a mixture of DEG with an organic base such as N-methyldiethanolamine (NMDEA) [START_REF] Caruntu | Synthesis of Variable-Sized Nanocrystals of Fe3O4 with High Surface Reactivity[END_REF][START_REF] Hugounenq | Iron Oxide Monocrystalline Nanoflowers for Highly Efficient Magnetic Hyperthermia[END_REF] or tetraethylene tetramine (TETA) [START_REF] Ramesh | Synthesis of Fe3O4 nanoflowers by one pot surfactant assisted hydrothermal method and its properties[END_REF]. Another study shows that these structures result from well oriented attachment of the cores into flower-like clusters when the reaction is carried in EG and poor oriented attachment of the individual grains when the reaction is carried in PG. [START_REF] Cheng | Facile synthesis and morphology evolution of magnetic iron oxide nanoparticles in different polyol processes[END_REF] This is explained by the formation rate of nanocrystals: in EG the formation and growth is slower, allowing the MNPs to assemble and organize by rotation resulting in crystal alignment and oriented aggregation, while in PG the mesostructure is less coherent and stable, with possible Ostwald ripening process meaning redissolution of the non-aligned crystals and growth of the organized crystals, the end-product being large MNPs exhibiting pores and magnetic multi-domains.

Combustion methods

Iron oxides can be produced in ultrafine (nanometric) powder from a gas reactant (FeCO 5 ) by laser-assisted pyrolysis, [START_REF] Bi | Nanocrystalline α-Fe, Fe3C, and Fe7C3 produced by CO2 laser pyrolysis[END_REF][START_REF] Veintemillas-Verdaguer | Continuous production of γ-Fe2O3 ultrafine powders by laser pyrolysis[END_REF] however post-treatments are necessary to collect the MNPs in a nonaggregated state. [START_REF] Popovici | Iron/iron oxides core-shell nanoparticles by laser pyrolysis: Structural characterization and enhanced particle dispersion[END_REF] An exothermic, fast and self-sustaining combustion reaction between +III manganese and a mixture of lanthanide nitrates and glycine also called Glycine Nitrate Process (GNP) can produce La 0.82 Sr 0.18 MnO 3+δ (lanthanum strontium manganite) MNPs, with a perovskite structure and a mean crystallite size of 22 nm. [START_REF] Epherre | Manganite perovskite nanoparticles for self-controlled magnetic fluid hyperthermia: about the suitability of an aqueous combustion synthesis route[END_REF] This method leads to aggregated MNPs as the final product is composed of dry MNPs; milling steps can be performed to favor their disaggregation. These ferromagnetic particles are of particular interest for MH as their Curie temperature can be well adjusted by the lanthanide composition, thereby leading to "self-limited" nano-heaters. However, the high toxicity of lanthanides and manganese cations leads to the necessary coating of these MNPs by an inert shell such as silica in order to be used in biomedical applications.

Conclusion on the synthesis of iron oxide nanoparticles

To complete this overview of synthesis routes towards MNPs and, more particularly, iron oxide MNPs, some of them in this panel have been optimized to achieve larger scale. With this goal of scale-up in mind, microwave heating has been tried out instead of conventional heating in order to perform a homogeneous heating even with a large batch, as for the thermal decomposition of Fe(acac) 3 [START_REF] Bilecka | Simultaneous formation of ferrite nanocrystals and deposition of thin films via a microwave-assisted nonaqueous sol-gel process[END_REF] and the alkaline co-precipitation. [START_REF] Blanco-Andujar | High performance multi-core iron oxide nanoparticles for magnetic hyperthermia: microwave synthesis, and the role of core-to-core interactions[END_REF] Overall, all these syntheses present various advantages and limitations, and a compromise must be chosen between the amount of MNPs produced and the degree of control of sizes and/or shapes and, of utmost importance for MH, of their magnetic properties. One more aspect needing to be highlighted in this part deals with the coating methods of MNPs. This is not only important to disperse them in hydrophilic media for biological applications, but also on the physical point of view, to tune the average distance between the MNPs in the dispersion: the ratio of mean particle diameter to their average center-to-center distance indeed controls the amplitude of their magnetic dipolar interaction, scaling like the 3 rd power of this ratio for ferri-or ferromagnetic MNPs, and the 6 th power for SPM MNPs. [START_REF] Van Leeuwen | What makes a polar liquid a liquid?[END_REF] As will be developed later, these dipolar interactions that are weak in dilute individually dispersed MNPs, and on the contrary very high in densely clustered MNPs, have a non-negligible impact on the MH efficiency by slowing down the relaxation dynamics of the moments and/or increasing the shape component of the magnetic anisotropy and the hysteresis losses. Finally, a parameter that needs to be taken into account when going for biological tests is the availability of a sufficient amount of MNPs (meaning a few grams) in order to perform all the control experiments, especially when experimenting on animals. More precisely, one can estimate that 1 mg nanoparticles are sufficient and safe (ten-fold lower than the toxic dose) for an injection to a mouse (20 g average body weight), but 25 mg is required for a rat (500 g) and 100 mg for a rabbit (2 kg). Considering that dozens of animals are needed to obtain a significant statistics of tumor decrease results, one comes to the conclusion that between several tens and hundred grams of well-defined iron oxide cores must be synthesized, in a reproducible way. In the case of a clinical assay on humans, the need is even at the kg level. This is crucial to obtain the authorization of a magnetic nanoparticle system on market, as it has been already delivered in the past for iron oxide based contrast agents (e.g. Resovist™, Endorem™).

Applications of iron oxide nanoparticles in nanomedicine

The properties exhibited by magnetic iron oxides nanoparticles make them good candidates for either diagnosis or therapy. Iron oxide nanoparticles fit as MRI contrast agents to help diagnosis and for hyperthermia to treat cancerous cells by heat. It is possible to engineer theranostic systems in which both of these applications are coupled, allowing the detection and treatment of diseases. [18] MH is sometimes coupled to chemotherapy, by complex design of systems both magnetic and carrying drugs.

MRI contrast agents

Figure 10 Return of the Mz vector along the longitudinal axis because of T1 relaxation. T2 (spin-spin) relaxation time = measure of the time required to regain decoherence of the transverse Mxy nuclear spin magnetization. [START_REF] Sharma | MRI physics -basic principles[END_REF] MRI is based on the principal of NMR spectroscopy, i.e. on the dynamical response of an assembly of protons of molecules constituting the tissues (mostly water and fat membranes), which nuclear magnetic moments are magnetized by a strong static magnetic field (B 0 ). Thanks to an alternating magnetic field (B 1 ) transverse to B 0 , also called radiofrequency pulse, the population of nuclear spins is set into an out-of-equilibrium state. The recovery of the longitudinal (M z ) and transverse (M xy ) components of the magnetization through time occur with characteristic decay times, respectively T 1 (spin-lattice relaxation time) and T 2 (spin-spin relaxation time), as represented in Figure 10. In the late seventies, Mansfield in the UK and Lauterburg in the USA introduced a way to code 3D images by the appropriate application of tridimensional gradients of B 0 , correlating the free induction decays to their spatial origin and processing the data with a computer. Tissues can be differentiated depending on these variables, for instance blood vessels from the organs, or grey matter from white matter in the brain. Examples of values are reported in hydrodynamic diameter obtained by an efficient stealth polymer grafter (e.g. PEG) have a small value of the r 2 /r 1 ratio (around 2-3), enabling to perform positive MRI contrast. [33] Since then, a few other studies describe the synthesis of polymer brush around iron oxide nanoparticles for positive contrast, using silane coupling and "grafting to" reaction. Brougham et al. described a grafting process of 3aminopropyl-triethoxysilane (APTS) over the surface of iron oxide nanocrystals followed with polymerization from the free primary amines of a precursor with clickable alkyne groups. [START_REF] Borase | Stable Aqueous Dispersions of Glycopeptide-Grafted Selectably Functionalized Magnetic Nanoparticles[END_REF] This strategy allows the functionalization of the polymer with targeting agents through simple click chemistry.

Magnetic hyperthermia agents

Figure 12 Number of published scientific manuscripts during the period 1973-2013 using the search term "magnetic hyperthermia."

In medical oncology, the term hyperthermia refers to a therapeutic modality by which a given region of interest is subjected to a temperature increased above 40 °C. [35] Historically, it is believed that the oldest description about the use of hyperthermia is in Edwin Smith's surgical papyrus indicating the treatment of breast cancer. A more recent modality is the magnetic hyperthermia, where the temperature increase is produced by applying an alternating magnetic field (AMF) to a magnetic material, typically iron oxide. A brief analysis about MH literature illustrated in Figure 12 shows that in the period 1973-2013, more than 3000 scientific manuscripts were published about MH, followed by an exponential growth as of the beginning of XXI st century. As can be seen, MH has never been so much in the spotlight as now. As in many other areas (materials science, [START_REF] Lee | Nanomaterials in the Construction Industry: A Review of Their Applications and Environmental Health and Safety Considerations[END_REF] energy, [START_REF] Lenert | A nanophotonic solar thermophotovoltaic device[END_REF] or health [START_REF] Riehemann | Nanomedicine-Challenge and Perspectives[END_REF]) the progresses made in nanotechnology have taken MH to a much higher degree of development. For example, the application of MNPs in medicine is moving towards targeting body regions otherwise difficult to reach, and chemical manipulation at the nanoscale has conferred the ability to conjugate biomolecules like antibodies for a more effective therapy or to accomplish specific targeting.

Considering the extent of the treated region, hyperthermia can be classified into three types: i) whole body hyperthermia (achieved by using thermal chambers or blankets), ii) partial hyperthermia (applied to treat locally advanced cancer by perfusion or microwaves), and iii) local hyperthermia (mainly for smaller volumes than organs). The temperature increase in local hyperthermia-the one most frequently evaluated-might be accomplished by distinct approaches based on the use of ultrasound, microwaves, or near-infrared radiation. [37,38] Even though these modalities have been incorporated into the clinical practice to treat a relatively wide range of cancer types, nowadays MH has some fundamental advantages over these when locally dealing with solid tumors: i) the AMF penetration depth is higher than any other activation mechanism (light or acoustic waves), allowing to reach deeper tissues; ii) administration of MNPs in a wide concentration range that may stay at the tumor site for repeated therapy sessions; iii) size-driven magnetic properties at the nanoscale determining the heating capabilities; iv) precise control of size and morphology as well as surface modification for diverse goals including biocompatibility, providing chemical groups for attaching biomolecules, and minimizing blood proteins adsorption. The use of MNPs as a minimally invasive agent was initially addressed by [START_REF] Gilchrist | Selective Inductive Heating of Lymph Nodes[END_REF] giving rise to MH. [39,40] This seminal work pointed out some challenges which are still under discussion by the scientific community concerning the application of MH in living beings: i) the heat release should be the highest possible at the lowest particles dose; ii) safety of AMF (with high voltages producing eddy currents in conducting media); iii) reliability for providing a precisely controlled intratumoral heat exposure mediated by MNPs. With the proposition of MH as a potential cancer treatment, the establishment of new materials and devices has been addressed with a continuous effort. It is possible to heal cancerous tissues by injecting magnetic nanoparticles in areas to treat and making them oscillate and generate heat locally with an alternative exterior magnetic field (Figure 13). Malignant tumors are composed of cells which have grown anarchically, poorly irrigated by blood vessels. Holding for 30 min or more a therapeutic threshold temperature of 42°C affects mainly these cells which evacuate the excess of heat less efficiently than healthy ones. [12] It has been recognized promising for cancer therapy, particularly in synergy with chemo-or radio-therapy.

After six decades of research, MH has taken an important step toward clinical applications. A.

Jordan et al. have tested MH followed by radiotherapy on patients suffering from gliobastoma multiforme (Figure 14). Although this method is not able to cure the disease, there is evidence suggesting superiority of this new therapy, the overall survival from the time point of primary diagnosis of glioblastoma is of 23.2 months, which is substantially higher than the median 14.6 months in the reference group. [8] It has passed a phase II clinical trial on humans for glioblastoma in 2011 and is now authorized on market. Nevertheless the heat provided this way is difficult to calculate and locally probing the temperature is one of the challenges of this method. One convenient way to measure the temperature is to use a thermometry catheter with a small outside diameter implanted in the target area, but it makes the intervention invasive.

Drug delivery systems

As a large percentage of drug molecules developed by the pharmaceutical industry is poorly water soluble, [START_REF] Hu | Nanoparticle Engineering Processes for Enhancing the Dissolution Rates of Poorly Water Soluble Drugs[END_REF] strategies have to be put in place to improve their delivery. This field of research is extensively growing, especially since one of the main challenges of cancer treatment has been described as the transport of the drugs. [START_REF] Robert | Evolution of the scientific literature on drug delivery: A 1974-2015 bibliometric study[END_REF] Obstacles such as insolubility of the drug, inaccessibility of the tumor leading to limited therapeutic activity, and side-effects leading to damage to healthy tissues have to be overcome. Macromolecular drug carriers can benefit from the enhanced permeability and retention (EPR) effect and preferentially accumulate in the tumors (Figure 15). Complex assembly designs can couple the loading of a drug with active tumor targeting or cell-penetrating properties, stealth properties for improved circulation in the body, and so on. Different main classes of carriers are actively studied, such as liposomes, which can encapsulate large aqueous volumes and possibly multiple drugs, and that have already reached the market. [START_REF] Allen | Liposomal drug delivery systems: From concept to clinical applications[END_REF] Microemulsions are already historically extensively used in the pharmaceutical industry and used for drug delivery. [START_REF] Callender | Microemulsion utility in pharmaceuticals: Implications for multi-drug delivery[END_REF] Figure 15 Illustration of potential benefits of using nanocarriers for ratio-metric delivery of synergistic drug combination for cancer treatment in clinical applications. Alteration of pharmacokinetics and biodistribution of ratiometric drug combination delivered by free solution. Upon intravenous (i.v.) administration, traditional free drug combination fails to maintain desired drug ratio (e.g. 2:1) before reaching the tumor. [START_REF] Zhang | Nanomedicine of synergistic drug combinations for cancer therapy -Strategies and perspectives[END_REF] Polymeric nanoparticles are also extensively studied candidates thanks to the versatility of polymers that can be engineered and the resulting structures; from micelles to nanogels to nanocapsules. [START_REF] Masood | Polymeric nanoparticles for targeted drug delivery system for cancer therapy[END_REF][START_REF] Kumari | Biodegradable polymeric nanoparticles based drug delivery systems[END_REF] A strong emphasis is put on the biocompatibility and biodegradability of the materials used. The choice of drug encapsulated is rather large, and depends on the targeted application, but most of the drugs reported are in relation with cancer treatment, such as paclitaxel, [START_REF] Fonseca | Paclitaxel-loaded PLGA nanoparticles: preparation, physicochemical characterization and in vitro anti-tumoral activity[END_REF] doxorubicin [START_REF] Indulekha | Dual responsive magnetic composite nanogels for thermo-chemotherapy[END_REF] and other intercalating anthracyclins. A variety of receptors can be targeted to improve the uptake in targeted tissues, [START_REF] Masood | Polymeric nanoparticles for targeted drug delivery system for cancer therapy[END_REF] and diverse internal or external triggers are used to deliver the cargo, but we will focus here on magnetic and thermosensitive systems.

MH allows the penetration of deep tissues. This ability coupled to a magnetic mediator converting the radiofrequency into heat and a thermo-responsive carrier allows the theoretical treatment of any part of the body. The concepts of drug releasing by AMF have been presented in different reviews. [START_REF] Mertz | Drug releasing nanoplatforms activated by alternating magnetic fields[END_REF][START_REF] Ulbrich | Targeted Drug Delivery with Polymers and Magnetic Nanoparticles: Covalent and Noncovalent Approaches, Release Control, and Clinical Studies[END_REF] The best candidates for the magnetic mediator part are still iron oxide nanoparticles, thanks to their biocompatibility, large surface to volume ratio and outstanding performances as heating mediators. The thermosensitive drug carriers can either rely on destabilization of membranes, [START_REF] Sanson | Doxorubicin Loaded Magnetic Polymersomes: Theranostic Nanocarriers for MR Imaging and Magneto-Chemotherapy[END_REF] LCST properties (Figure 16), [START_REF] Sun | Thermosensitive Nanoparticles Self-Assembled from PCL-b-PEO-b-PNIPAAm Triblock Copolymers and their Potential for Controlled Drug Release[END_REF][START_REF] Liu | Instantaneous Drug Delivery of Magnetic/Thermally Sensitive Nanospheres by a High-Frequency Magnetic Field[END_REF][START_REF] Louguet | Thermoresponsive polymer brush-functionalized magnetic manganite nanoparticles for remotely triggered drug release[END_REF] cleavable bonds sensitive to temperature or pH. [START_REF] Kievit | Doxorubicin loaded iron oxide nanoparticles overcome multidrug resistance in cancer in vitro[END_REF] Figure 16 Magnetic and thermosensitive drug carrier based on a LCST polymer [START_REF] Louguet | Thermoresponsive polymer brush-functionalized magnetic manganite nanoparticles for remotely triggered drug release[END_REF] Figure 17 Determination of drug release kinetics. [START_REF] Modi | Determination of Drug Release Kinetics from Nanoparticles: Overcoming Pitfalls of the Dynamic Dialysis Method[END_REF] The kinetics of release by drug delivery systems is commonly evaluated by dynamic dialysis, by studying the diffusion of the drug from the dialysis chamber to the sink receiver. The drug content as a function of time is quantified in the receiver, allowing the evaluation of the kinetic of release. This system is limited to sustained drug delivery systems, as in the case of fast delivery the apparent kinetic of liberation depends on the drug transport across the dialysis membrane (Figure 17). [START_REF] Modi | Determination of Drug Release Kinetics from Nanoparticles: Overcoming Pitfalls of the Dynamic Dialysis Method[END_REF] Evaluation of the kinetics of release in cells or in-vivo is quite complicated, with few methods available as Highperformance liquid chromatography (HPLC) quantification of plasma and tissues. [START_REF] Alhareth | HPLC quantification of doxorubicin in plasma and tissues of rats treated with doxorubicin loaded poly(alkylcyanoacrylate) nanoparticles[END_REF] Most of the time articles report the effect of the drug quantified as a cell viability percentage, or tumor volume to assess the release.

Review of anchoring groups used for the surface modification of iron oxide nanoparticles

As the particles are made of extremely divided matter, they exhibit large surface to volume ratio. The surface of the nanoparticles often needs to be modified in order to preserve their magnetic properties for the targeted applications, or to bring new functionalities. The chemical modification of iron oxide nanoparticles therefore leads to core-shell structures. The shell can be another layer of inorganic material such as silica [START_REF] Jiang | Fabrication of iron oxide/silica core-shell nanoparticles and their magnetic characteristics[END_REF] or gold [START_REF] Wangwang | Monodispersed Core-Shell Fe3O4@Au Nanoparticles[END_REF] for example. In the scope of this thesis, strategies to build an organic shell and yield hybrid inorganic-organic nanoparticles with iron oxide cores are discussed hereafter. Several chemical moieties can be added through surface modification of the IONPs with surface-complexing agents. The most widely used anchoring groups for iron oxide nanoparticles are catechols, carboxylates, silanes and phosphonates (Figure 18). These chemical functionalities are often terminated with another chemical moiety in order to pursue the surface modification of the IONPs, or are directly attached to the molecule of interest. They often act as a bridge between the inorganic iron oxide core and the organic shell.

Figure 18 Common anchoring groups used to modify the surface of iron oxide nanoparticles. From left to right: catechol, silane (trimethylsiloxane in this case), phosphonic acid and carboxylic acid anchor groups.

Catechols

The catechol function is derived from mussel adhesive protein. This chemical function can bind to the surface of IONPs through direct chelating bond of the surface ferric irons. Dopamine is a natural molecule that presents a catechol function and, through chemical modification of its primary amine, other molecules can be chemically grafted onto the IONPs. [START_REF] Xu | Dopamine as A Robust Anchor to Immobilize Functional Molecules on the Iron Oxide Shell of Magnetic Nanoparticles[END_REF] Dopamine is fairly unstable and can polymerize, meaning that molecules prepared beforehand for surface modification can react among themselves and form oligomers. Dopamine modification of IONPs often leads to the formation of clusters. This property is of interest for applications as enzyme immobilization for heterogeneous catalysis. [START_REF] Gao | Enhancement of the activity of enzyme immobilized on polydopamine-coated iron oxide nanoparticles by rational orientation of formate dehydrogenase[END_REF] This clustering effect can be also advantageously used for the recovery of molecules in solution or treatment of wastewater. [START_REF] Long | Co-polymerization of catechol and polyethylenimine on magnetic nanoparticles for efficient selective removal of anionic dyes from water[END_REF] In this case, the aggregated IONPs can be easily recovered with a permanent magnet. Stable IONPs in solution are preferred for biomedical applications, so that their magnetic properties used for magnetic hyperthermia or MRI are preserved. Other surface modifications strategies than catechols are therefore preferred.

Carboxylic acids

The thermal decomposition synthesis of IONPs often makes use of oleic acid. [27] This leads to nanocrystals readily capped with an organic layer. The oleic acid ligand is grafted with its carboxylic moiety onto the surface of the IONPs, and such nanoparticles can be dispersed in apolar solvents. The ligand needs to be exchanged with a hydrophilic capping agent to transfer them in aqueous solvents. Another surface modification making use of carboxylates is the citrate adsorption.

This anion can be introduced directly in the reaction medium during the synthesis of the nanocrystals.

Citrate anions were shown to influence the size of IONPs produced by co-precipitation in water, leading to fine nanocrystals with diameters as small as 2 nm.

[100] These anions can also be introduced with the IONPs as a post-synthesis step. In this case, the nanoparticles are produced by co- Several publications report ways for the silanization of superparamagnetic iron oxide nanoparticles.[105, 106] An organosilane presents two classes of functionality and has for general formula R n SiX (4-n) with R being a non-hydrolysable organic alkane with desired characteristic and X is an hydrolysable group like acyloxy, halogen, alkoxy. Organosilanes with short alkoxy chemical functions are easier to hydrolyze. Therefore, methoxysilane is the most easily hydrolysable chemical function and is widely used (Figure 19). Also the surface modifications are often carried in methanol, matching the solvent with the leaving group of the alkoxysilane. The alkoxysilanes undergo hydrolysis forming silanols, which can polymerize and condense on the surface of the IONPs presenting hydroxyl groups (either the original Fe-OH moieties of the raw iron oxide surface or the Si-OH brought by an intermediate silica shell). There is a competition between the condensation of silanols on the surface of nanoparticles and self-polymerization. For this reason, the amount of water available must be controlled as it determines the degree of polymerization and affects the outcome of the reaction.

Silanes

Multilayers are often obtained and present complex network structures, loose, intermixed or both.

[107] One interesting silane coupling agent is the APTS, a substance which is approved by the Food and Drug Administration (FDA). Its terminal amine function allows a good stabilization of IONPs in aqueous media by increasing their hydrophilic character. Also the ability of the amine to bond with proteins, drugs or biomolecules lead to interesting bio applications.

[109] Many different types of silanes exist aside from APTS, and are widely available in the market. These silanes can present different end-groups and be of interest by offering multiple possibilities for following grafting steps (Figure 20). These end-groups can be aldehydes, amines, acrylate, isocyanate, thiol, cyano or carboxylic functions, and are selected depending on the next reaction steps to be carried.

[108] As silanes self-polymerize, the surface modification of the IONPs is often done by different grafting steps, building a shell in successive reactions starting from the silane. This divergent synthesis strategy often leads to aggregates when the conditions of reaction are not suitable for the stability of the IONPs. The IONPs have a tendency to aggregate when they are reacted in unsuitable solvents, or if they are grafted with intermediary destabilizing chemical moieties. One of the earliest reports on the surface modification of iron oxide nanoparticles with a phosphonic anchor group describes the use of an octadecanephosphonic acid (Figure 20).

Phosphonic acids

[110] This self-assembled monolayer (SAM) was shown to start decomposing and desorbing at temperatures as high as 340 °C. Two bonding schemes are possible; a phosphonate symmetrically grafted through its two oxygen atoms, or a phosphonate bonded through a single atom. The authors have shown through comparison with an alkanesulfonic acid that the binding with two atoms is the most probable. One strategy to increase the grafting efficiency on IONPs is to use multivalent phosphonate polymers. 

Considerations for the surface modification of iron oxide nanoparticles with polymers

Grafting to versus grafting from strategies

Core-shell hybrid nanoparticles with an inorganic core and organic shell of polymer brush find applications in nanoelectronics, catalysis, biosensing and drug delivery among many others. Two techniques are offered in order to functionalize a nanoparticle with a polymer: the "grafting to" and the "grafting from" methods. In the "grafting from" technique the polymer chain grows in situ from the surface of the nanoparticles with the help of initiators, by reversible addition-fragmentation chain transfer (RAFT) or atom transfer radical polymerization (ATRP).

[116] A wide variety of initiators is available, depending on the material at the surface to modify and the polymer to synthesize. The polymer brushes produced are generally of high density as the grafted layer is swollen by the monomer solutions. The chains growths are limited by the diffusion of monomers only in the case of large grafting densities. While the grafting from technique has been performed on a wide variety of nanoparticles, it has been rarely experimented on magnetic nanoparticles.

[117] These reactions of polymerization have to take place in conditions suitable for IONPs stability in order to access all the material surface available and build homogeneous core-shell structures. Furthermore, the magnetic properties of the IONPs prevent the characterization by NMR, and the immobilization of the chains hinders the characterization by size exclusion chromatography (SEC) or mass spectrometry. Broader molecular mass distributions are to expect, because of high local concentrations of polymer chains.

These arguments explain why the synthesis of polymers and the study of their properties are often done beforehand, in a step prior to the grafting onto IONPs. In the "grafting to" method, endfunctionalized polymers react with surface groups of nanoparticles. It is an easy and intuitive technique that allows a good control on the final core-shell structure. Sometimes the steric crowding of reactive surface sites by already attached polymeric chains leads to low grafting densities.

Commonly used heterofunctional linkers

There is a need to use intermediates to build shells on nanoparticles when there is no direct compatibility between the solid phase and the molecules to be attached on it. Click chemistry coupling reactions are commonly used in building blocks strategies. "Click chemistry" is a term describing chemistry tailored to generate substances quickly and reliably by joining units together. The term has been coined by Sharpless and Kolb to refer to reactions that are "modular, wide in scope, high yielding, create only inoffensive by-products that can be removed without chromatography by simple means, are stereospecific, simple to perform and that require benign or easily removed solvent". [118] This chemistry is inspired by nature, which has a preference for heteroatoms bonds over carbon bonds when it comes to the assembly of small building blocks, like nucleic acids, polysaccharides and proteins. Click chemistry is generally exothermic and performed in water, a green solvent, which acts as a heat sink for handling heat output. The best example of click reactions is Huisgen's 1,3-dipolar cycloaddition of alkynes and azides, forming triazoles, with copper(I) as a catalyst. It meets the requirements of click chemistry, there are no protecting groups needed, and it leads to a complete conversion and selectivity. bond is stable in a wide range of pH and temperature, making it a robust bond for targeted applications. Diels-Alder cycloadditions and hydrazone ligations are interesting chemical bonds in a strategy of drug release due to their thermosensitive properties. They allow the release of a drug through the local increased temperature at the surface of IONPs upon applying an external magnetic field. Finally, Michael addition type reactions are useful to chemically modify thiols from the cysteines of proteins, antibodies or polypeptides.

Surface modification with polymers for biological applications

Several natural and synthetic polymers have been tested to modify the surface of IONPs to improve their colloidal stability in vitro (in pH buffers, then in cell culture media supplemented with serum proteins) and eventually in vivo (in blood circulation), while being biocompatible:

polysaccharides (e.g. Dextran[122]), PEG, poly(oxazoline) (POxa) [123] have been investigated among others for giving "stealth" properties to NPs, i.e. repulsion towards certain proteins of blood serum (opsonins), whose role is to mark foreign bodies by strongly adsorbing onto their surface so that they are recognized by white blood cells and go through elimination pathways. Once the circulation halflife is improved, it is possible to graft ligands with a specific affinity toward target sites, or to direct them near the tumor site with an external static or AMF gradient. IONPs must be stabilized in aqueous media in order to be used in MH applications, i.e. they must exhibit and keep a proper state of dispersion under given physicochemical conditions (pH, ionic strength, adsorbing proteins, etc.) and under an applied static field or AMF, whatever the field strength. Molecular chains grafted at the surface of IONPs adopt different conformations depending on the grafting densities (Figure 17). In the case of a free chain in a good solvent, the volume occupied by a polymer chain is a sphere with a gyration (Flory) radius of R F =aN 3/5 , where N is the number of repeating units and a is the monomer size. Three regimes can be identified when one end of the chain is tethered while the other part is able to occupy a volume available in the solvent. At low grafting density the chains are sufficiently far from each other, the distance between two grafting points is superior to 2 times the radius of gyration. The chains do not interact, and the thickness of the layer is approximately equivalent to the radius of gyration. At higher grafting densities the distance between grafting points is shortened, being inferior to a radius of gyration. The chains then interpenetrate and interact. This results in a true brush, a monolayer of elongated chains. At intermediate regime the chains are partially elongated. Several parameters can be calculated to estimate the quantity of IONP and polymer to react. Among them there is the ratio of organic material (% w/w), the grafting density, and the number of chains per IONP. The reduced tethered density Σ is a convenient dimensionless parameter to estimate the regime of chains conformation (Table 2). The reduced tethered density Σ was introduced by Brittain et al. to describe the brush regime with a single adimensional parameter. Σ represents "the number of chains that occupy an area that a free non-overlapping polymer chain would normally fill under the same experimental conditions". It is calculated as-follow:

Brush theory: flat surface

𝛴 = 𝜋⋅𝑅 𝑔 2 𝐷 2 𝑅 𝑔 𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜 𝑔𝑔𝑟𝑟𝑔𝑟𝑜𝑔 𝐷 𝑟𝑟𝑟𝑔𝑟𝑔𝑑𝑑 𝑏𝑑𝑔𝑏𝑑𝑑𝑔 𝑔𝑟𝑟𝑜𝑔𝑟𝑔𝑔 𝑝𝑜𝑟𝑔𝑔𝑟
While in the case of PEG, the radius of gyration is calculated using scaling laws either reported by Devanand[124]:

𝑅 𝑔 = 0.0215⋅𝑀 𝑤 0.583 𝑀 𝑤 𝑚𝑜𝑚𝑑𝑑𝑟𝑚𝑟𝑟 𝑏𝑑𝑟𝑔ℎ𝑔
Or the scaling law reported by Le Coeur et al. [125]:

𝑅 𝑔 = 0.665⋅𝑀 𝑤 0.452 𝑀 𝑤 𝑚𝑜𝑚𝑑𝑑𝑟𝑚𝑟𝑟 𝑏𝑑𝑟𝑔ℎ𝑔
These two scaling laws have different parameters but both lead to the same value 𝑅 G = 3.4 nm for PEG at 6,000 g⋅mol -1 for example. The limit between the mushroom and mushroom to brush transition is set for Σ=1, which corresponds to an inter-chains distances of 6.8 nm when considering a gyration radius of 3.4 nm. Brittain et al. described the transition from mushroom to the true brush regime.

[126] They stressed that the term « polymer brush » should only refer to grafted chains extended in the third regime, at Σ>5. Hence, the term "polymer brush" should not be a synonym for a tethered polymer layer. At high grafting densities, the polymers chains interact and extend due to steric interactions (Figure 23). They lose their random-walk isotropic configuration of free chains and stretch perpendicularly to the interface. This results in an increase of the thickness of the grafted monolayer. The extension of surface-anchored polyacrylamide (PAAm) chains was experimentally demonstrated by Wu et al.[127] The so-called mushroom and brush regimes are directly observable on 

Brush theory: curvature effect

For nanoparticles with high curvatures (small radii), the polymer brush chains can explore more space than when tethered on infinite curvatures (planar) surfaces. In this case, the conformations of the chains are more difficult to describe. There is a local gradient of concentration of polymer chains, with a decreasing concentration at a distance from the surface. Vogiatzis et al. represented this local density of a polymer in proximity with the surface of a nanoparticle.

[128] They used a Monte Carlo simulation to model the conformation of the grafted polystyrene chains in a polymer melt. They calculated the height of grafted polymer brushes, either by considering a sphere in which 99 % of the grafted materials can be found, or a sphere defined by the root mean square rms height <h 2 > 1/2 of the brush. These findings are reported in Figure 25, showing that the brush thickness depends on the grafting density and the molecular weight of the polymer.

Figure 25 The calculated brush thickness (either ⟨h 2 ⟩ 1/2 or h 99% ) is plotted versus the square root of the degree of polymerization of grafted chains, N g 1/2 , times the fourth root of the grafting density, σ 1/4 . In this model the nanoparticles have a radius of 8 nm. [128] For systems consisting of a spherical hard core grafted with polymer chains in aqueous solutions, the hydrodynamic diameters provided by the DLS measurement most probably represent the diameter of the core added to the thickness of the hydrated brushes. The hydrated shell thickness can be estimated using formulas introduced by Birshtein and Zhulina. They described the curvature of a polymer brush around a spherical particle for the Theta solvent regime [129]. The effect of grafting density governing the tethered chains conformation is of crucial importance for the stability of nanoparticles in biological media. IONPs grafted with PEG were shown to withstand precipitation at specific weight fractions of iron oxide and polymer. [130] The steric repulsion between IONPs brought by the PEG brush was able to hinder van der Waals forces and magnetic dipole/dipole attractions. This facilitated the use of these nanoparticles as MRI contrast agents to detect lymph nodes, thanks to their increased stability in the bloodstream.

Brief overview of thermosensitive polymers

Thermosensitive synthetic polymers

Many applications can be considered thanks to the functionalization of nanoparticles with polymers, among them it is possible to immobilize active molecules in polymer brushes [131,132], to graft ligands to improve their intracellular uptake and ability to target cancerous cells [133,134] and to use them as stable imaging agents [10,135,136]. The grafting of thermosensitive polymers has been investigated in the field of nanomedicine. Stimuli-responsive polymers are defined as polymers that undergo relatively large and abrupt, physical or chemical changes in response to small external changes in the environmental conditions. Their chain conformation, interactions between chains, or interactions between chains and solvents are sensitive to physical or chemical stimuli.[137] These stimuli-responsive polymers are usually used in the form of hydrogels, micelles, or shells of nanoparticles. Thermoresponsive polymers exhibit a critical solution temperature, at which the polymer phase separates from the solvent. When the polymer and the solvent form a phase separation occurs upon increasing temperature then the polymer exhibits a lower critical solution temperature (LCST) (Figure 26 a). When the opposite situation is observed, the polymer exhibits an upper critical solution temperature (UCST) (Figure 26 b). 

Biosynthesis of elastin-like polypeptides

ELPs are mainly produced by biosynthesis, by encoding protein-based polymer sequences at the gene level. This allows controlling the composition of polymer subunits (VPGXG) n , as well as the chains lengths (number of repetition n).[145, 147] The ELPs obtained by genetic engineering therefore present perfectly defined chemical structures, which would be impossible to achieve through chemical polymerization. For these reasons and due to the perfect batch to batch reproducibility, the biosynthesis method is preferred over the solid phase peptide synthesis (SPPS). Although, one minor drawback of the biosynthesis method is its lack of versatility; changing the chemical structure of an ELP to tune its properties means changing the whole gene sequence. Alternatively, the ELPs chains can be chemically modified post-synthesis to adjust their temperature responsive behavior.

[148] ELPs of high molecular weight can be produced with yields in the order of 100 mg•L -1 . ELP can be extracted from the lysate. Four steps are applied successively: i) the ELP is aggregated by raising the temperature of the solution and adding salt; ii) the ELP is pelleted by centrifugation and the supernatant is discarded, removing soluble contaminants; iii) the ELP is recovered by addition of a fresh solvent in cold conditions and agitation; iv) the non-soluble contaminants are pelleted by centrifugation, leaving the purified ELP in the supernatant. The ITC process is repeated a determined number of times, leading to an increased purity of the product.

Macromolecular self-assembly for drug delivery applications

ELPs are promising materials for drug delivery applications. Macromolecular assemblies can be obtained by taking advantage of the thermosensitive properties of the ELPs. Unimers of ELP selfassemble into coacervates when the solution is heated-up above the Tt. Bioactive molecules can be trapped in these ELP structures for a later sustained release in biological media. [150] In this case, the thermosensitive property of the ELPs is used for the formation of objects of several hundreds of nanometers, but does not serve as a trigger for the delivery. Therapeutic cargos can be loaded in the micelles and delivered in a sustainable way.

[154] Other systems based on ELPs were tried out, such as ELP-functionalized dendrimers or liposomes, but to the best of our knowledge, no bio-conjugations of ELPs with IONPs were reported. Aside from the passive diffusion of drugs loaded in micelles, covalent bonding of the drugs with ELPs was reported.

In this case, the drug was grafted onto the ELP, leading to the formation of star-like micelles.

[155]

Relatively large amounts of drug, close to 5 wt.% could be loaded by chemical conjugation. The mechanism of release in cells in in vitro conditions is still to be unraveled, as the drug was able to finds its way to the nucleus. The ELP-drug assembly possibly underwent enzymatic degradation inside endosomes and/or lysosomes. Other systems relying on the thermosensitive properties of the ELPs to design smart drug carriers have been reported in several reviews. [156,157] These designs are commonly micelles with thermosensitive coronas or micelles with thermosensitive cores.

Improving the cell uptake

ELPs can be fused to cell penetrating peptides (CPPs) and/or tumor targeting peptides. Several cases are presented thereafter to illustrate such strategies.

The fusion of ELPs with targeting peptides can enhance the intracellular drug delivery of ELPbased drug carriers. Sarangthem et al. reported the fusion by recursive directional ligation of a tumor targeting peptide AP1 with an ELP (VPGVG) 12 referred to as V 12 .

[158] The fusion of AP1 led to an enhanced tumor-specific targeting and improved uptake in different cancer cell lines in vitro compared to an ELP (VPGVG) 14 referred to as V 14 (Figure 30). This proves that the internalization of ELP-based nanovectors for drug delivery can be increased by the construction of ELPs comprising tumor targeting or cell-penetrating peptides. Such nanoparticles were internalized into lymphocytes over 100-fold more efficiently than nonmodified nanoparticles. Understanding the body response toward invasive foreign nanoparticles helps designing strategies to treat specific cells, tissues or organs. The clearance process is composed of two steps; the opsonization process in the blood stream and the cellular uptake by endocytosis/phagocytosis, or other pathways. During the opsonization process plasma proteins circulating in the blood recognize invasive entities and adsorb onto their surfaces, acting as markers to help macrophages and plasma membrane receptors to eliminate unwanted entities. When nanoparticles are injected in the blood, they attract different types of plasma proteins depending on their surface properties, charge density, size and morphologies (Figure 32). After this first step the nanoparticles endure phagocytosis and endocytosis or macropinocytosis leading to their elimination from circulation and concentration in organs with high phagocytosis activity. This explains why nanoparticles tend to concentrate mainly in the liver 80/90%, spleen 5-8% and bone marrow 1-2%.[162] It is possible to take advantage of this process to specifically deliver therapeutic agents in phagocytic cells and their related organs, in a passive targeting way. A way to improve circulating time would be to tackle the immune system by injecting a large placebo amount of nanoparticles prior the injection of nanoparticles of interest (in that case magnetic nanoparticles), or injecting species destroying liver and spleen macrophages. [10] Mistreating the defense system of a body already suffering from a disease cannot be a viable strategy. To rather achieve active targeting there is a need to engineer nano-objects in order to attain other organs by searching inspiration in naturally circulating nano-objects such as blood cells. It seems that the smaller, the more neutral and the more hydrophilic the carrier surface, the longer its plasma life. For a dual nanoparticle with a core and a shell, the engineering of the surface with hydrophilic macromolecules helps reducing plasma adsorption.

Nanoparticles in biological media

Improving the stability of nanomedicines in physiological conditions

[163] Polysaccharides (e.g. Dextran) and poly(ethers) (e.g. poly(ethylene oxide) have been investigated for giving long circulation times to nanoparticles. Once the circulating life time is improved it is possible to graft ligands with a specific affinity toward target sites, though the formation of a protein corona seems to impair the availability of the ligands at the surface of the nanoparticles. Another strategy is to direct the nanoparticles with an external magnetic field if they present magnetic properties. There is a crucial need to minimize aggregation and biofouling. The solution is engineering the surface of the IONPs to make them stable for a long period of time in physiological conditions, meaning high salt and protein concentrations.

[164] IONPs reaching these characteristics are often referred as stealth.

Targeting solid tumors and metastasis

The EPR effect is a concept by which particles accumulate preferentially in tumor tissues as compared to healthy tissues (Figure 33). The blood vessels formed to carry nutritional and oxygen supply to the quickly growing tumor cells present defects. Their vasculatures exhibit wide fenestrations and lumen, leading to extravasation of fluids and accumulation of particles and macromolecules. A lack of lymphatic drainage is furthermore added to this permeation property.

According to the EPR concept, particles having appropriate sizes and able to circulate for long durations in the blood flow passively target tumors. Following the discovery of the EPR effect in the 1980s by Maeda, and its strong support by preclinical studies, multiple nanovectors were developed to increase the specific delivery of drugs to tumors. This theoretically allows increasing the dose in the region of interest. Liposomal doxorubicin (Doxil, Janssen Biotech, Inc) exhibits enhanced tumor targeting, with a clearance half-life 100 fold greater than free doxorubicin.

[165] Unfortunately, clinical studies on other forms of nano-sized drug delivery systems later indicated that EPR is not as reliable as thought and strongly depends on the tumor type. In addition, there is a significant difference of EPR effect between preclinical studies on rodent models and clinical studies on human.

[166] Nevertheless, a wide library of nanomedicines without active targeting properties is used clinically and show benefits when used for specific types of tumors.

[167] The nanovectors can be micelles, nanoparticles, polymer-drug conjugates or liposomes, evidencing the diversity of possible designs. Different strategies were developed in order to target cancerous cells on humans, while relying less on the EPR effect. A different class of nanomedicines with active targeting properties makes use of ligands such as antibodies or peptides. They are grafted at the surface of the nanovectors and bind on receptors of the target site. They can target receptors of cancer cells (folate, transferrin, galactosamine) and improve the uptake. Smart systems delivering drugs upon exposure to external stimuli (heat, light, ultrasound, and magnetic fields) can be used to even further improve the selective local administration of a drug. It is tempting to design complex nanovectors able to fulfill all these requirements, but so far, the best solutions for tumor treatment came from the simplest strategies. [1,167] Additional challenges can arise depending on the location of the tumor. For example, glioblastoma is a cancer that begins in the brain. Nanovectors therefore need to cross the blood-brain barrier (BBB) to reach their target. This selective and semi-permeable membrane separates the circulating blood from the brain extracellular fluid. Only nanoparticles of small size (tens of nanometers) can cross the barrier and access the tumors.

Understanding the mechanism of cell uptake

Different methods can be used to study the interactions between nanoparticles and cells.

Fluorescence microscopy is widely used, preferentially on live-cells to avoid fixation artifacts. TEM allows observing structures smaller than with visible light, providing images with satisfying resolution. The cell uptake mainly depends on the physicochemical properties of the nanoparticles.

[169]

Several parameters of importance were reported such as the size, shape, rigidity, charge and surface chemistry. Dimensions larger than 200 nm leads to phagocytosis, smaller dimensions usually lead to endocytosis (Figure 34). The influence of the shape is still debated, but spherical nanoparticles seem to internalize more efficiently. The surface charge seems to influence the uptake as cationic nanoparticles have better affinity with cellular membranes. The surface chemistry dictates the protein corona formation and opsonin-driven phagocytosis, and the nanoparticles are most likely taken up when a critical concentration is reached at the surface of the cells. This could explain the relatively high local concentrations of nanoparticles inside endocytic compartments. Nanoparticles uptaken by cells end-up in specific compartments depending on their internalizations pathways. The organelles are transported inside the cytosol through motor-dependent movement or by diffusion, and vesicles can undergo fusion events (Figure 35). In general, exogenous materials tend to accumulate in the perinuclear region. As reported by Collinet et al., there is a strong correlation between the endosome distance from the nucleus, their number inside the cells, and their size.

[171] The internalization compartments have their own characteristic pH values, lysosome being acidic, with a pH value of 4.5. This property can be exploited for drug delivery applications using pH sensitive triggers. 

self-assembled elastin-based nanoparticles for delivery of

Introduction

Magnetic iron oxide nanoparticles (IONPs) find applications in the medical field as diagnostic tools and innovative therapies. They provide contrast enhancing properties in magnetic resonance imaging (MRI), and also serve as local heat mediators in magnetic hyperthermia (MH) and for the triggered delivery of drugs. [1] As IONPs are biocompatible, they stand among the best candidates over other alternative magnetic nanomaterials for health applications. Various synthetic pathways have been explored for their production, [2] the most common ones being the alkaline co-precipitation, [3] the polyol process, [4] the thermal degradation of organometallic precursors, [5] and the hydrothermal method. [6] The co-precipitation and polyol pathways have their own advantages and limits. The coprecipitation can be scaled-up to produce dozens of grams of IONPs at the lab scale but has low control over the morphology of resulting nanocrystals. The polyol synthesis achieves a better control over the morphology, but necessitates organic solvents as well as high temperature conditions to carry out the reaction. These two methods are thereafter explored and their advantages for IONPs production are compared.

Synthesis by co-precipitation

Because the physical properties of iron nanocrystals are strongly dependent on their shape, size and size-distribution, significant effort has been dedicated to produce good quality materials with narrow size-distributions, leading to optimal magnetic behaviors. [7] Among them, co-precipitation is widely used because it is a facile and convenient path to synthesize IONPs in a reproducible way. The precursors used are chloride, sulfate or nitrate iron II and iron III salts that are precipitated in aqueous solution upon the addition of a base. The nature of the salts, along with the pH of the solution, temperature and ionic strength influence the morphologies of the nanocrystals, regarding their size and shape. Magnetite Fe 3 O 4 or maghemite γ-Fe 2 O 3 nanoparticles are commonly synthesized using this procedure. Maghemite can be obtained from magnetite by simple oxidation in acidic medium with iron III nitrate salts, or by drying magnetite nanocrystals and letting them in contact with oxygen from ambient air, accelerating the formation of the thermodynamically favored maghemite compound. The use of stabilizers during the co-precipitation process has been reported to produce good quality materials with a narrow size-distribution. Examples of reported stabilizers are trisodium salt citric acid, polyvinylpyrrolidone (PVP), cetyltrimethylammonium (CTAB). [8,9] An important criterion toward the selection of these organic additives is their hydrophilic or lipophilic affinity, determining the final solubility of the IONPs in organic or aqueous solvents. For medical applications hydrophilic salts are generally used due to their hydrophilicity. In this work, superparamagnetic IONPs dispersed in water, meaning dispersions of IONPs in solutions with large magnetic susceptibilities but no apparent magnetizations were produced. They were synthesized according to Massart's alkaline coprecipitation of ferrous and ferric chloride salts in water . [14] The magnetite (Fe 3 O 4 ) IONPs obtained were further oxidized into maghemite (γ-Fe 2 O 3 ) by treatment with a boiling FeNO 3 solution. This gave a dispersion of superparamagnetic IONPs stable in a pH range 1.5-2.5 after several washings with acetone to remove excess ions. This dispersion remained in a monophasic state under the application of a magnetic field of arbitrary value. A size sorting procedure was then applied, as described in a previous work. [15] This procedure is based on the screening of the electrostatic repulsions between

IONPs by excess addition of electrolyte (here HNO 3 ). The two phases were then separated over a strong ferrite permanent magnet (Calamit™). The concentrated bottom phase (referred to as C) was enriched in larger IONPs while the upper dilute supernatant (referred to as S) contained in average smaller IONPs. Proceeding this way multiple times, different fractions were obtained. 

Experimental section

Synthesis of IONPs by co-precipitation

The reactants were prepared by introducing 180 g of FeCl 2 ,4H 2 O, 100 mL of HCl and 500 mL of distilled water in a 1 L beaker. A magnetic stirring bar was used to ease the dissolution of Calamit Magneti, Milano-Barcelona-Paris). Then, the supernatant (2.25 L) containing non-magnetic ferrihydrites (reddish flakes) was discarded using water pump vacuum. The magnetic precipitate (black) was washed with 1 L of water, stirred for 10 min. Then the beaker was placed over the strong magnet for magnetic sedimentation. The clear supernatant was discarded using water pump vacuum.

After sedimentation on the ferrite magnet, the flocculate was acidified with 0.26 L of nitric acid (69 %) and stirred 30 min after being completed up to 2 L with water. The ferrofluid was flocculated using nitric acid. In order to completely oxidize magnetite into maghemite, the solid phase was separated from the supernatant (1.5 L, red) and immersed in a boiling solution of ferrite nitrate (0.8 mol). After 30 min under stirring at 90-100 °C, the suspension turned into the red color characteristic of maghemite γ-Fe 2 O 3 . Finally, free ions in excess were removed by washing with water, acetone and diethyl-ether. This stable ferrofluid was stirred during 10 min, after which 360 mL of concentrated nitric acid were added to destabilize the suspension and repeat two times the steps of sedimentation and suction. After having introduced 1 L of acetone and stirred the ferrofluid during 10 min, the IONPs were sedimented over a magnet and the supernatant was discarded. This step was followed by a stirring of 10 min after the addition of 500 mL of diethyl-ether, which purpose was to remove acetone. The IONPs were sedimented and the supernatant was discarded. Finally the IONPs were readily dispersed in water to form a true "ionic-ferrofluid" made of maghemite IONPs. The iron oxide surface bears positive charges due to adsorption of protons in acidic media, in that case a dilute HNO 3 solution at pH between 1.2 and 1.7. Therefore the ferrofluid remains in a monophasic state under the application of a magnetite field of arbitrary value.

Size grading by magnetic sedimentation

The ferrofluid underwent a size-sorting procedure based on the de-phasing of the liquid by screening of the stabilizing charges of the IONPs. A controlled amount of HNO 3 was added to the ferrofluid, leading to a change of color from deep black to brown as the ferrofluid partially flocculated.

The dispersion was then put over a permanent magnet for approximately 15 minutes leading to a dephasing, with a dilute supernatant of IONPs on top (S) and a concentrated precipitate at the bottom (C). The two phases were separated, the supernatant was isolated and the sediment was redispersed by addition of water. This process was repeated again for each of the two phases, leading to 4 fractions of ferrofluids (S1S2, S1C2, C1S2, C1C2).

Results and discussion

Synthesis

Iron oxide nanocrystals were produced by co-precipitation of ferrous and ferric salts in alkaline aqueous solution. This is a convenient synthesis with affordable reactants and solvents. The whole process can be scaled-up and produced in batches, with a control over the variability of the product by adjusting addition rates, order of addition, and mixing process. The introduction of iron II and III chloride precursors with the ammonium hydroxide solution spontaneously led to the formation of a solid precipitate. The reaction most probably took place in two steps. At first the iron salt precursors underwent a salt metathesis reaction, also called double replacement reaction. Counter-ions were exchanged leading to iron hydroxides as intermediates of reaction. These intermediates promptly produced nanocrystals according to the following reaction:

2 𝐹𝐹 3+ + 𝐹𝐹 2+ + 8 𝑂𝑂 -→ 𝐹𝐹 3 𝑂 4 + 4 𝑂 2 𝑂
Iron II precursors had to be protected from oxidation to control the equivalents described in the chemical equation. In the lab, the synthesis was carried in large volumes of water (5 L beaker), not previously degassed. As it technically difficult to prevent the oxidation from occurring, an excess of iron II precursors was added (1.7), to try reaching the correct equivalents during the co-precipitation step. The excess amount was empirically set depending on the conditions of reaction. This was a first limitation to the co-precipitation synthesis. Non-desired species as goethite α-FeOOH, akaganeite 

Size-grading

Figure 1 Scheme of the size-grading procedure of iron oxide nanoparticles by addition of nitric acid and sedimentation over a permanent magnet.

A size-grading procedure was carried on the sample in order to refine the size distributions, and produce batches of various average diameters. Nanoparticles with larger diameters could be used for magnetic hyperthermia applications as they typically presented higher specific absorption rates.

Nanoparticles with smaller diameters were for example chemically modified and incorporated in membranes of polymersomes for drug delivery applications. The size-grading procedure relied on the screening of electrostatic charges stabilizing the nanoparticles by addition of salts (nitric acid). At intermediates states, larger nanoparticles were more susceptible to destabilize, aggregate, and could be collected by a permanent magnet, as illustrated in Figure 1.

Figure 2 Scheme of the different fractions that are obtained after reiterating the size-grading procedure.

The two fractions were separated, leading to a supernatant (dilute fraction, referred to as S) enriched in smaller nanoparticles, and a culot (concentrated fraction, referred to as C) enriched in larger nanoparticles that could be redispersed by addition of water, diluting the salts and reducing the screening of charges. This procedure could be reproduced an arbitrary number of times to further refine the size-distributions (Figure 2). It was applied three times, leading to a total of 4 fractions (C1C2, C1S2, S1C2, S1S2). Mean sizes d 0 = <d> (number-averages) and standard deviations σ=<(d-<d>) 2 > 1/2 were calculated using the classical Gaussian statistics formulas. The results obtained for C1C2 had to be cautiously interpreted. The TEM micrographs showed aggregates of large IONPs that were tedious to measure, leading to an underestimate of the mean size. The mean sizes of the samples decreased for fractions collected in the supernatants, from 8.1 nm for C1S2 to 6.7 nm for S1S2. This was expected according to the principle of the size-grading process, which separated larger IONPs in the culots and smaller IONPs in the supernatants.

Morphologies of the iron oxide nanocrystals

The co-precipitation pathway yielded large quantities (several grams) of material in a convenient way. Affordable and common chemicals were used both for the production and purification of the IONPs. Nevertheless, there was a lack of control over the morphologies of the IONPs, and a size-grading procedure was compulsory to try refining the product. Samples with mean sizes below 7 nm could be obtained with relatively narrow size-distributions, while samples with mean sizes superior to 8 nm were considered poly-dispersed and broad in size-distributions. Smooth spheres with controlled diameters were needed in order to build core-shell structures with controlled grafting densities for the next steps of the project. We moved to the polyol synthesis to answer this need and produce IONPs of various diameters while keeping narrow size-distributions.

Polyol synthesis

The polyol route is a versatile method to produce gram-scale batches of IONPs with welldefined morphologies and magnetic properties. In this work, the influences of the water amount and temperature at which it was injected in the reflux system were investigated. Distinct morphologies of IONPs were obtained, from ultra-ultra-small superparamagnetic iron oxide nanoparticles (UUSPIOs), namely smooth mono-core spheres down to 4 nm in diameter, to larger multi-core raspberry-like ones up to 37 nm. Well-defined multi-core assemblies with narrow grain size dispersity were successfully synthesized. Other strategies were reported to directly produce raspberry-like structures in water such as the co-precipitation performed in presence of excess polysaccharide, [10] or in a microwave

reactor. [11] The polyol synthesis of multi-core IONPs was introduced by Caruntu et al.. [4] In this reaction, the solvent acted simultaneously as a complexing agent for iron chloride precursors and as high boiling point solvent, with reflux temperatures usually in the range of 220 °C. Multi-core IONPs are to date amongst the most efficient for heating under an applied alternating magnetic field (AMF) and as negative (transverse T 2 ) MRI contrast agents, as previously reported. [12] At equivalent concentrations of iron, the outstanding heating properties of these assemblies of small grains into larger raspberry-like structures were related to a frustrated super-spin glass state. [13] Regarding the synthesis mechanistic pathway, tentative descriptions of the intermediary states of reaction were proposed, [14] together with the role of the polyol solvent in orienting the morphology. [15] Different reaction conditions were studied in the literature, with variable parameters such as the choice of the polyol solvent, [15] temperature and pressure, [16] reaction time and heating ramp slope, [17] alkaline pH, [18] and presence of adsorbed capping agents. [19] The main applications envisioned for multi-core IONPs are as nanoheaters for MH and efficient negative (T 2 ) contrast agents for MRI, as ascribed to their large magnetic moment and large intrinsic magnetization M d (magnetic mono-domain moment divided by the particle volume). The main challenge to overcome for utilizing these superior magnetic properties in biological media was to prevent particle aggregation that could be evidenced by a nonreversible magnetization curve in static magnetic field. With large magnetic moments, multi-core IONPs experimented strong magnetic dipolar interactions. Moreover, the coating of their surface by a residual organic layer could render them difficult to peptize as stable aqueous colloidal suspensions, especially in physiological media. In the course of this section, the crucial role of water in the polyol synthesis is described. An extensive study describing how the amount and way of adding water in the synthesis influenced the final nanoparticle (NP) morphology is reported here. A library of waterdispersible IONPs was successfully synthesized, with tunable diameters from ∼4 to ∼37 nm and superior magnetic properties for MFH and MRI. A diverse and large library of samples was obtained by varying the nature of solvents and the amounts of added water while keeping all other parameters constant. The different morphologies led to magnetic IONPs suitable for important biomedical applications such as magnetic hyperthermia, MRI contrast agent, or both. staying in a single liquid phase, confirming that a true "ferrofluid" was obtained.

Experimental section

Sample nomenclature

Each final product was designated according to the main synthesis parameters, i.e. the solvent (D for pure DEG, N for DEG/NMDEA 1:1), the volume of water in µL added to 120 mL of solvent (the subscript HI or HU being added to specify if water was injected to the reaction mixture at solvent reflux -hot injection -or by heating-up from room temperature, respectively), and the reaction time.

For example, the sample name N500 HU -5h indicated that 500 µL of H 2 O were added to 120 mL DEG/NMDEA (1:1) and the reaction mixture was heated up to reflux for 5 hours. The sample name D5000 HI -20m indicated that 5,000 µL of H 2 O were added through a septum to 120 mL of iron(II,III) precursors in boiling DEG, then let for 20 min before cooling). 

Transmission Electron Microscopy (TEM)

TEM was performed on a Hitachi™ H7650 microscope with an acceleration voltage of 80 kV. In addition, the mean sizes d 0 = <d> (number-averages) and standard deviations σ= <(d-<d>) 2 > 1/2 were calculated using the classical Gaussian statistics formulas.

Dynamic Light Scattering (DLS) and Zetametry

A Nanosizer™ Nano ZS90 from Malvern™, UK, was used to measure ζ potentials, Z-average hydrodynamic diameters (D h ), and polydispersity indexes (PDI). The 2 nd order Cumulant fit was used for analysing DLS data into a size distribution (the PDI being defined as the ratio of the 2 nd order coefficient to the square of the 1 st order one in the series [21]). The Smoluchowski equation was used to convert the measured electrophoretic mobility into a ζ potential value in mV.

Proton relaxometry

Samples were prepared at concentrations of 6 mM Fe . NMR tubes (7.5 mm outer diameter)

were filled with 1 mL of each sample, and inserted in a Bruker™ mq60 relaxometer equipped with a
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60 MHz / 1.41 Tesla magnet. The samples were left to thermalize to 37 °C using a Julabo™ f25 ED circulation bath. Following recommended protocols in proton relaxometry, [22] longitudinal T 1 relaxation times were measured using an inversion-recovery sequence of first duration of ∼0.1×T 1 and final duration of ∼3×T 1 with a recycling delay (RD) of ∼5×T 1 between two of the 10 acquisition points, 4 scans and an automatic RF receiver gain. Transverse T 2 relaxation times were measured using Car-Purcell-Meiboom-Gill (CPMG) sequence, with delay time τ of 0.04 ms between the 90° rotation to transverse plane and the 180° focusing pulse, a duration time of 3×T 2 , RD of 5×T 1 , and automatic receiver gain. The number of acquisition points was set by dividing the duration time by the delay time τ.

Magnetic fluid hyperthermia

IONPs were dispersed at concentrations of 3 g⋅L -1 in diluted HNO 3 (at pH∼2) to preserve their colloidal stability. The samples were placed in 500 µL plastic cuvettes, whose caps were pierced with a needle to introduce a fiber optics temperature probe of 420 µm outer diameter (medical range OTG-M420 fiber, Opsens™, Québec, QC, Canada) and measure temperature profiles versus time. Samples were thermalized at 37 °C using a glass-water jacket connected to a temperature bath until reaching equilibrium. The heat generation by magnetic NPs was triggered using an induction coil (4-turn of 3.5 mm diameter hollow -0.4 mm wall -copper tubing, 55 mm outer diameter, 48 mm inner diameter, 34.5 mm height) fed by a Minimax Junior™ 1TS 3.5 kW generator (Seit Elettronica™, Italy) applying an AMF at maximum amplitude H app of 10.2 kA.m -1 and at a frequency f of 755 kHz as determined by finite element modelling. [23] The amplitude and frequency of the magnetic field were corroborated by measuring the electromotive force in a scout coil (turn of 17.5 mm diameter) and an oscilloscope (Agilent™ 54641 A). The AMF was applied for 5 min while recording the elevation of temperature and measuring its slope at early times (within first 5 s).

Static (DC) magnetization

DC magnetization curves of the NP aqueous dispersions were obtained up to 1.8 Tesla on a homemade vibrating sample magnetometer (VSM) at the SGIker facility (UPV/EHU). The magnetic field was measured by a gaussmeter whereas the signal was conditioned by a Stanford™ SR810DSP lock-in amplifier controlled by a PC under a LabVIEW™ program.

Zero field cooling -field cooling (ZFC-FC) magnetometry

ZFC-FC experiments were conducted on a magnetic property measurement system (MPMS™ 7T from Quantum Design™, San Diego, CA, USA).This ultrasensitive magnetometer was previously calibrated by Y 3 Fe 5 O 12 garnet 1 mm diameter sphere (standard reference materials 2853) and reset after each measurement. Estimates of the blocking temperature were made according to a previously published protocol. [24,25] 

Equivalent iron titration in IONP suspensions

The equivalent iron molarity [Fe] was measured by a disruptive photometric assay, using the characteristic absorption peak at 350 nm of the [Fe(Cl) 6 ] 3 -complex when an aliquot of the suspension was dissolved in concentrated hydrochloric acid (HCl 5 M), according to previous calibration law OD 350nm, 2mm =0.5043 ×[Fe] mM +0.0172. Then [Fe] was converted into iron oxide weight assuming pure γ-Fe 2 O 3 composition (∼80 g⋅mol -1 ).

Results and discussion

In the course of this work, it was postulated that water traces were incorporated in the highly hygroscopic polyol solvent and that this initial water content in the mixture before reaction was a key parameter to produce well-defined magnetic IONPs. This led us to an extensive study on the role of controlled additions of water in the synthesis of IONPs in a mixture of polyols (DEG, NMDEA).

Different batches of IONPs were thereby produced by varying reaction parameters such as reaction time, solvent system, amount and timing of injections of water traces, i.e. hot injection at solvent reflux vs. heating-up of the reaction mixture including water. Since the two major biomedical applications of IONPs are for MH and as MRI contrast agents, well-defined IONPs suitable for these two applications were produced. Large (several tens of nm) IONPs were obtained for MH, while UUSPIOs of a few nm were synthesized for being used as positive MRI contrast agents with T 1weighted sequences. [26][27][28][29] 

Influence of the conditions of reaction over the morphology of iron oxide nanoparticles

The main reaction parameter to control IONP morphology (and therefore magnetic properties)

was the solvent composition. A mixture of DEG and NMDEA (1:1 volume ratio) was used to yield large IONPs, while UUSPIO NPs were produced in pure DEG. In both cases, the same quantity and stoichiometric ratio of iron(II,III) chlorides and hydroxides were used (Fe 3+ /Fe 2+ /OH -2:1:8, i.e. one hydroxide anion per chloride).

Reactants were heated from room temperature (RT) to reflux (approximately 30 min to reach 220 °C) to obtain IONPs. Traces of water were injected to the reaction mixture either at RT before heating (heating-up, HU) or at reflux (hot injection, HI). Solvents used for the syntheses were freshly ordered and preserved from moisture. In the case of the DEG/NMDEA solvent system, traces of water were injected in different amounts, from 100 μL to 2 mL, into 120 mL of the total polyol solvent mixture, representing 0.083 % to 1.67 % volume ratios (v/v) or 5.5 to 11 mmol H 2 O, i.e.

stoichiometric (not catalytic) water quantity compared to the total iron(II,III) salts (6 mmol). Lower water amounts did not allow producing IONPs, while larger quantities of water led to ill-defined IONPs. As seen on data (Figure 4 and Table 2), optimal control, in terms of size-distribution and morphology homogeneity, was achieved when mixing a determined amount of water in the solvent system with the precursors before heating (HU), as supposedly ascribed to a more homogeneous composition of the starting mixture. hydroxides in which the metallic centres are also chelated by DEG. [14] Therefore, the polyol route is also referred to in literature as a "forced hydrolysis" mechanism. This salt metathesis could be observed visually when mixing the reactants from the color changes of the organometallic solution turning into a black colloidal suspension of magnetite (Fe 3 O 4 ) NPs. Studying the medium of synthesis by 1 H NMR spectroscopy helped understanding the mechanism of reaction (Figure 6). It was observed that controlled water addition shifted the broad peak attributed to the labile protons of hydroxyl groups in DEG and NMDEA (at respectively 3.43 and 3.07 ppm). Apart from further shifting of this labile protons peak ascribed to pH variation occurring during the synthesis (hydroxyl groups being converted into oxides), the NMR spectrum did not show any evidence of polyol molecules degradation. It is worth noting that the IONPs were, in most cases, covered by a layer of chelating solvent molecules even after several washing steps using a mixture of ethanol and ethylacetate. [17] This affected the colloidal stability of the samples, and their ability to be oxidized by the boiling Fe(NO 3 ) 3 addition. [20] Figure 7 Zeta (ζ) potential measurement of IONPs which surfaces were partially cleaned after the polyol synthesis (red circles), with an isoelectric point (IEP) estimated to be at around pH=9, evidencing the presence of amine moieties of NMDEA of the solvent molecules chelated on the IONPs. IONPs fully cleaned (blue squares), with an IEP estimated to be around pH=7, which was consistent with values previously reported for a bare surface of iron oxide NPs (i.e. covered only with neutral hydroxyl groups).

During the oxidation step, the sample color was expected to turn from black to dark red as IONPs were oxidized from magnetite to maghemite. In some cases, especially for multi-core IONPs, the color of the colloidal solution remained black. This protective layer of DEG and NMDEA at the surface of IONPs was also evidenced by ζ potential measurement at varying pH (Figure 7). The isoelectric point (IEP) of maghemite was expected at around pH=7, while the IEP of IONPs still covered by a layer of solvent ligands was shifted to about pH=9, which was consistent with the expected pKa value of the tertiary amine in NMDEA. Washing IONPs by a precipitation-redispersion process in aqueous alkaline media revealed to be an efficient means to completely remove the remainder of chelated solvents as evidenced by the curve of ζ vs. pH after extensive washing on The final products of all the different batches greatly differed in sizes and shapes according to the solvent composition: only DEG or DEG/NMDEA, or amount and timing of water addition. Monocore IONPs as well as more complex structures previously reported as "multi-core IONPs" were obtained. TEM images enabled to determine both the overall diameters and the individual grain sizes for these multi-core IONPs. Mono-core IONPs were produced with adjustable sizes from ∼4 nm to ∼20 nm when the mixture was left at rest during all the reaction (under 'natural convection'), while multi-core IONPs were obtained when the mixture was continuously homogenized with a stirring shaft, with sizes from ∼27 to ∼37 nm (Figure 4). The size-histograms could be well-fitted using a log-normal distribution law of parameters α and β (Figure 8). In order to express diameters as d 0 ± σ, the mean values d 0 along with standard deviations σ were calculated according to the following formulas:

𝑑 0 =< 𝑑 >= 𝛼𝐹 𝛽 2 2
and 𝜎 2 =< (𝑑 -𝑑 0 ) 2 >= 𝑑 0 2 (𝐹 𝛽 2 -1)

Size distributions characterized by β parameters below 0.2 were considered sufficiently narrow and suitable for further characterization. The condition N100 HU -5h, using mechanical stirring, proved to be both optimal and robust for the reproducible synthesis of multi-core IONPs as evidenced by the similar TEM images obtained for the 35ff and 36ff batches (Figure 8). In contrast, similar conditions without stirring (N100 HU -5h*) led to smooth spherical iron oxide NPs (34ff) of narrow sizedistribution 18.5±3.2 nm as determined by TEM analysis, or 18.8±6.5 nm as obtained by fitting the DC magnetization curve (Figure 16). This observation highlights the critical role of mixing (diffusionreaction vs. active stirring) as experimental parameter on the resulting IONP morphology.

Important characteristics of the IONPs were reported in the Table 3. Mean diameter d 0 and standard deviation σ obtained by particle counting on TEM images on more than 100 nanoparticles (figures in parentheses correspond to the inner core size of nanoflowers when it could be measured; an asterisk indicats a lower statistics); the initial temperature slope during 5 s under an AMF H app =10.2

kA⋅m -1 at f=755 kHz and at 3 g⋅L -1 iron oxide; the specific absorption rate (normalized by the mass of iron oxide); the Z-average hydrodynamic diameter (D h ) and polydispersity index (PDI), the r 1 and r 2 relaxivities and their ratio (measured at 37°C and under 1.41 Tesla). Lines in italics correspond to nanoflowers (otherwise nanospheres). Bold lines indicate samples analyzed in details in main text.

Missing values correspond to measurements that were not performed because samples were estimated not interesting enough, or because of absence of colloidal stability due to a too large TEM size (e.g.

9ff).

Table 3 Summary of characteristics of the sample library synthesised by the polyol route The dispersion state of the different IONP batches synthesized was probed by dynamic light scattering (DLS) in a weakly acidic aqueous medium (pH∼2) (Figure 9). The fit of correlograms by the 2 nd order cumulant method provided the Z-average hydrodynamic diameter (D h ) and polydispersity index (PDI). Typical values of Z-average diameters were in the order of 30 nm, ranging from 16 to 55 nm when considering all synthesized batches (Figure 10). For instance, the Z-average hydrodynamic diameter of 35ff multi-core IONPs was measured at D h =36 nm (PDI=0.13), while 20ff UUSPIO mono-core IONPs were sized at D h =16 nm (PDI=0.21). Hydrodynamic diameters estimated by DLS are always found larger than diameters determined by TEM due to the dried state of the TEM sample.

Colloidal stability and heating properties

In addition, the data was represented in intensities (%) and not in numbers (%), which tended to overestimate the Z-average diameters. The DLS sizes however better represented the real dispersion state of IONPs, by evidencing the presence of aggregates. The efficiency of the different IONP batches for magnetic hyperthermia was evaluated by applying an AMF for 5 min and by recording the temperature rise of the solvent, with iron oxide concentrations set to 3 g⋅L -1 . While no significant heating under AMF was obtained for a few samples like the 17ff UUSPIOs with the smallest size, a temperature rise from 37 °C to 70 °C was recorded for the largest dispersible multi-core IONPs 15ff (Figure 11). Therapeutic hyperthermia requires that IONPs heat cancerous tissues up to 43-44 °C to deposit a suitable "thermal dose", usually by IONP intra-tumoral injection. [30] This temperature may potentially be reached in vivo with the best heating samples after few minutes, even at a concentration as low as the one used in our study (3 g⋅L -1 ), assuming that their heating properties are preserved in physiological intracellular conditions. [31] The heating properties of our sample library were thus quantified using the specific absorption rate (SAR) determined experimentally using the commonly used formula:

𝑆𝑆𝑆 = 𝛥𝛥 𝛥𝛥 𝑡→0 ⋅ 𝐶 𝑝 𝑚 𝐹𝐹 2 𝑂 3
where (ΔT/Δt) t→0 was the temperature raise slope at early times of AMF application (first 5 s) to simulate adiabatic conditions, [32] m was the mass of IONPs in 1 mL of suspension and C p was approximated by the specific heat of pure water. [2] SAR has been used to evaluate the heating properties of the IONPs instead of the intrinsic loss power (ILP), [33] because the SAR variation with field intensity can depart significantly from a quadratic law. The plot of SAR at given field amplitude (H app =10.2 kA⋅m -1 ) and frequency (f=755 kHz) vs. diameter measured by TEM clearly evidences a correlation between the SAR and IONP outer diameter measured by TEM (Figure 11.b). Nanospheres experimentally followed a quadratic law with diameter while multi-core IONPs follow a lower exponent (nearly square-root). This was qualitatively in agreement with the most advanced models on the optimal size of magnetic NPs for MH at given values of their other physical properties (specific magnetization and magnetic anisotropy). [34] Results obtained on all batches evidence that all multi-core IONPs and mono-core IONPs larger than 12-14 nm were efficient nanoheaters, while UUSPIOs smaller than 5-6 nm did not generate sufficient heat but were likely useable as positive (T 1 -weighted) MRI contrast agents, as shown later in this section.

Mono-core IONPs of intermediate diameters (10-14 nm) were ideal to be used both as nanoheaters for MH and as negative (T 2 -weighted) MRI contrast agents (vide infra), once coated with appropriate ligands, while larger ones were difficult to stabilise in physiological media.

In-depth investigation of the heating properties

An in-depth characterization of magnetic heating properties was carried out on selected IONP samples with interesting morphologies and core size in 20-40 nm range as evidenced by TEM, with outstanding heating efficiency (SAR>200 W⋅g -1 at H app =10.2 kA⋅m -1 and f=755 kHz). Large mono-core IONPs (34ff) and multi-core IONPs of different grain size and increasing outer diameters (31ff, 35ff, and 15ff) were thus selected to be further examined with an in-house developed pick-up coil set-up, allowing SAR measurement on a broad range of AMF frequencies and amplitudes. [35] AC magnetization curves of IONPs are plotted on Figure 12 versus amplitude H app up to 21 kA.m -1 at fixed frequency (f=1030 kHz). magnetic IONPs synthesized in this chapter to different ones reported in literature, although measured under various conditions and setups. As reported by Carrey et al., [34] the plot of hysteresis surface area vs. H app expected for ferromagnetic NPs exhibits a sigmoidal shape: it started with a slow increase as long as the AMF amplitude was lower than the anisotropy field H an of the nanomaterials, then increased rapidly (i.e. with an exponent larger than two, value expected for superparamagnetic IONPs), and finally plateaus in the high-field limit. The plot of A vs. H app for the 15ff sample perfectly fitted this description (Figure 13 b), with a threshold anisotropy field H an ∼10 4 A⋅m -1 . The plateau value around 0.7 mJ⋅g -1 for the oxidized 15ff sample was not particularly outstanding as a maximal value of 1.8 mJ⋅g -1 was previously reported for IONPs obtained by coprecipitation followed by hydrothermal treatment. [39] The oxidized 15ff sample however illustrated the complex magnetic behaviour of multi-core IONPs reflected in the dependence of their hysteresis loss area A with the amplitude H app of the AMF:

for the six probed frequencies, the plots of the hysteresis area Avs.H app collapsed almost perfectly on a unique master curve. The field dependence remains quadratic up to a threshold H app ascribed to the anisotropy field H an of the multi-core structure, characteristic of collective dynamics of sintered grains as in a multiple-domain magnet. For any applied AMF strength below H an , multi-core IONPs exhibited pure superparamagnetic response as evidenced by the quadratic variation of their SAR vs. H app plot, each of their magnetic mono-domains being excited individually by the AMF. Other IONP batches of lower outer sizes (below 30 nm) exhibited even superior plateau values of the hysteresis area per cycle vs. H app (which exact value slightly varies with frequency), from ∼1.6 mJ⋅g -1 for 31ff multi-core IONPs (Figure 14 a) and 34ff smooth nanospheres (Figure 14 b) to ∼2.5 mJ⋅g -1 for 35ff multi-core IONPs (Figure 13 c) or a bit lower (2 mJ⋅g -1 ) at the lowest frequency of 149 kHz. In comparison with data available in the literature, these were the highest hysteresis area values reported so far for synthetic magnetic IONPs, excluding the case of needle-like submicron γ-Fe 2 O 3 particles commercialized for magnetic recording applications, that could reach hysteresis areas up to 8 mJ⋅g -1 , but necessitated to apply an AMF stronger than a thrice higher threshold field, H an ∼30 kA⋅m -1 .

[40]

Study of the magnetization properties

Figure 15 Static magnetization curve of 15ff multi-core IONPs measured by VSM before and after oxidation (red and blue curves, respectively). In a narrow range -1.6<H app <1.6 kA⋅m -1 only, the curves could be approximated by M d =χ⋅H app , the susceptibility reaching a value as high as χ=59 in both cases.

To get an insight into the peculiar structure-property relationships and complex magnetic behavior of multi-core IONPs, the DC magnetization curves of 15ff IONPs (with or without the oxidation step) were also measured with a lab-made vibrating sample magnetometer (VSM) setup (Figure 15). In both cases, the IONPs were dispersed in water acidified with dilute HNO 3 (pH∼2.5).

The magnetization curve of both samples exhibited null coercive field (H c =0) and zero remanence (M r =0), which corresponded to pure superparamagnetic behavior. This evidences the good dispersion state of these IONPs in water, as a remanant magnetization would have been expected in case of an aggregated sample. The saturation magnetization of the non-oxidized sample obtained after synthesis and washings was 350 kA⋅m -1 , slightly below the value 400 kA⋅m -1 of bulk magnetite (Fe 3 O 4 ), as ascribed to spin-canting defects at the IONP surface, [41] or to partial oxidation already starting during the purification steps, as no particular precautions were taken to prevent it. In contrast, total oxidation of sample 15ff obtained by heating with iron(III) nitrate, led to a magnetization at saturation of 300 kA⋅m -1 , which was the expected value for bulk maghemite (γ-Fe 2 O 3 ).

All the IONP batches were thus oxidized intentionally to control the magnetic phase of the IONPs, despite lowering the magnetic saturation and presumably their heating efficiency for MH. All samples reported in this study exhibited similar saturation magnetization (Figure 16). A second useful information provided by VSM magnetometry could be obtained by fitting the DC magnetization curves by the Langevin function characteristic of superparamagnetism, convolved by a log-normal distribution of diameters to take into account size-dispersity. [24] The resulting magnetic domain diameters laid below the outer diameter measured by TEM for multi-core IONPs: 25.1±12.0 nm for 35ff, 21.9±10.6 nm for 31ff, while almost identical to TEM (within experimental uncertainty) for 34ff mono-core IONPs: 18.8±6.5 nm.

Figure 16 DC magnetization of samples 31ff, 34ff and 35ff measured by VSM. As the inset showed, they followed a superparamagnetic behavior. The signal was normalized by volume fraction calculated from the iron oxide concentration (assuming a mass density of 5 g⋅cm 3 ) in order to derive the specific magnetization per domain, denominated M d . In the linear region described by M d =χ⋅H app , (i.e. in a narrow range -1.6< H app <1.6 kA⋅m -1 , the susceptibility value varied between χ=45 (34ff), χ=68 (31ff) and up to χ=100 (35ff). Sensitive magnetometry performed on the commercial MPMS system on the oxidized and non-oxidized 15ff multi-core IONPs (Figure 17 a) led to ZFC and FC magnetization curves vs.

temperature both lower for the non-oxidized as compared to the oxidized 15ff NPs. Such non-classical ZFC-FC curve profile had already been reported for large (18 and 22 nm) Fe 3 O 4 NPs synthesized by iron(III) oleate thermal decomposition, [42] and was partially explained by the so-called Verwey or charge ordering transition, [42,43] when such IONPs underwent a slight crystallographic distortion from cubic, electrically conducting, to inverse spinel, electrically insulating, structure, this change of crystalline structure also impacted the magnetic properties. A suitable method to estimate the blocking temperature T B , defined at the transition from the ferrimagnetic state to the superparamagnetic regime, consisted in plotting the derivative of the M FC -M ZFC curve difference with respect to temperature. [25] For the two different batches (non-oxidized and oxidized 15ff), the plot exhibited three maxima (Figure 17 c-d). The peak near 90 K was ascribed to the Verwey transition of magnetite, yet it was not clear why it also appeared on the oxidized sample. The two other peaks corresponded to characteristic temperatures, respectively near 200 and 300 K. It is rather uncommon for a sample to exhibit two values of blocking temperatures. We hypothesized that T B1 ≈200 K was ascribed to individual magnetic domains of diameter 7.4±1.4 nm and T B2 ≈300 K to the whole magnetic multi-core structure of outer diameter 36.9±4.8 nm. The complete interpretation of these data, e.g. in term of superspin glass transition, would have necessitated complementary AC susceptometry experiments vs. temperature, to study the slow relaxation dynamics of the frustrated spins in multi-core multi-core IONPs as reported by Kostopoulou et al., [13] but it was beyond the scope of these experiments. (Figure 18). Practically, the longitudinal (T 1 ) and transverse (T 2 ) relaxation times of water protons

Iron oxide nanoparticles as MRI contrast agents

were measured with an inversion-recovery and a CPMG sequence, respectively at decreasing equivalent [Fe] concentrations starting from 6 mM, in acidified water to maintain colloidal stability.

Relaxivities were obtained from the slope of the linear variation with [Fe] of the longitudinal (respectively transverse) decay rate of water proton spins, according to:[22]

1 𝛥 𝑖=1 𝑜𝑜 2 = 𝑟 𝑖 × [𝐹𝐹] + ( 1 𝛥 𝑖=1 𝑜𝑜 2 ) 𝑤𝑤𝑡𝐹𝑜
where (1/T i ) water represented the diamagnetic contribution of water.

In the "outer sphere" model of MRI contrast agents introduced by Ayant and Freed for paramagnetic agents, and adapted by Gillis et al. to superparamagnetic IONPs, [44] the increase relaxation rate 1/T 2 compared to pure water originates from fluctuating dipolar interactions between nuclear spins of water protons and the electronic magnetic moment of IONPs. For a limited range of diameters called "motional averaging regime", the superparamagnetic particle could be considered immobile during the echo time (TE) of the sequence compared to random trajectories of water molecules diffusing all around the magnetic sphere. In this case, Vuong et al. have shown that r 2 follows a universal scaling law that is quadratic both with the magnetization and with the radius of the "outer sphere", defined as the minimum approach distance between H 2 O molecules and the IONP center. [45] For the IONP batches prepared in this study, the quadratic law was perfectly observed for the smooth sphere IONPs (Figure 18 c), validating the proton diffusive model. This brought additional evidence that no organic layer remains on their surface after the washing steps. If not, water protons could not reach IONP surface and the quadratic law would not be observed. In the case of multi-core IONPs, the variation of r 2 vs. size appeared erratic (Figure 18 d), presumably because of their rough geometry and very high specific area mentioned before, that could be up to 60% larger than the geometrical area of a smooth sphere. Proton relaxivity may have arised by a combination of "outer sphere" and "inner sphere" mechanisms, meaning that water molecules could be transiently adsorbed in the porosity of multi-core IONPs, relaxation dynamics could therefore not be modeled by a single translational diffusion constant of water molecules around the particle. The ratio of relaxivities r 2 /r 1 is commonly used to determine whether IONPs are most suitable as T 1 (positive) or T 2 (negative) MRI contrast agents. With r 2 /r 1 ratios larger than 5, most of the IONPs synthesized here were suitable as negative contrast agents for T 2 weighted MRI applications, such as commercial medical products Resovist®, Feridex®, Cliavist® or Clariscan®. [46] With much smaller r 2 /r 1 ratios, UUSPIOs of just a few nm diameters synthesized in pure DEG would rather be perfectly suitable as T 1 -type, positive contrast agents. Such UUSPIO-based T 1 -type contrast agents not yet commercially available would however be an excellent alternative to gadolinium chelates currently used and suspected of toxicity. [47] Free gadolinium ions (i.e. not complexed by very strong ligands) are indeed nephrotoxic and neurotoxic, and undesirable side effects may arise in patients with renal insufficiency. Iron oxides having been proven perfectly safe in clinical use, these UUSPIOs are likely to find applications as alternative T 1 contrast agents in clinical MRI in a near future.

Conclusion

Two synthesis pathways to produce IONPs were presented in this chapter. The coprecipitation synthesis was an affordable method to produce nanoparticles with diameters in the order of 6-10 nm. Several grams of material could be yielded this way. Unfortunately, the control over their morphology (size, size-distribution) was not satisfying, even after a post-synthesis process of sizegrading. Also larger and well-defined nanoparticles (in the range of 10-30 nm) with optimum heating properties were needed for magnetic hyperthermia applications, and smaller nanoparticles (in the range of 2-4 nm) were needed for specific applications in MR imaging. We decided to test the polyol synthesis which fulfilled our requirements for the targeted applications.

To conclude on the polyol pathway; we presented herein a comprehensive study of IONPs synthesis and characterization. IONPs were synthesized by the forced hydrolysis of iron(II, III) chlorides either in pure DEG polyol or in a mixture with NMDEA. The importance of controlling the amount and timing of water addition for a successful synthesis and proper control over IONP morphology has been demonstrated. A library of samples was obtained, ranging from "ultra-ultrasmall" (∼3 nm) UUSPIOs obtained by water "hot injection" in DEG at 220°C and fast growth (20 min), to large IONPs (up to 37 nm) obtained by a longer "heating up" protocol in a DEG/NMDEA 1:1 mixture. Depending on reaction conditions (natural mixing vs. mechanical stirring), either mono-core or multi-core morphologies were obtained. The structural and magnetic properties of these IONPs were extensively studied. They all exhibited superparamagnetic behavior characterized by a reversible magnetization curve in static magnetic field, with a strong saturation magnetization above 3×10 5 A⋅m - 1 . On the physical point of view, the specific absorption rate (SAR) was first tested at given AMF conditions (755 kHz, 10.2 kA⋅m -1 ) and iron oxide concentration (3 g⋅L -1 ). These parameters were also varied over a broad range of field strength and frequencies with the use of an AC magnetometer that is much faster than calorimetric experiments for estimating the SAR. The efficiency of most of synthesized batches as MRI contrast agents were also evaluated by proton relaxometry measurements.

Several scaling laws were derived for the SAR and the relaxivity ratio r 2 /r 1 , both being estimated at physiological body temperature (37 °C). At given AMF condition, the SAR exhibits quadratic variation with diameter for smooth nanospheres and slower variations (viz. square root) for multi-core IONPs.

Transverse relaxivity r 2 exhibits also quadratic variation with diameter for smooth nanospheres, in line with the "motional averaging regime" of the "outer sphere" model of MRI contrast agents. The r 2 /r 1 ratios, calculated to distinguish IONPs better suited as T 1 or T 2 MRI contrast agents, varies linearly on diameter for nanospheres, and with a lower exponent (viz. square root) for multi-core IONPs. In the case of the smallest diameter IONPs synthesized (USPIOs), their longitudinal relaxivity r 1 at 1.41 T associated with moderate r 2 /r 1 ratio make them alternatives to gadolinium chelates as positive MRI contrast agents, with lower risk of side effects on patients. The AC hysteresis loops measured at varying AMF frequency and intensity brought more information on the magnetic hyperthermia mechanisms. In the case of multi-core IONPs and large nanospheres, the SAR vs. field intensity curve showed an inflexion point between low and high fields. Below this threshold field, they presented perfect superparamagnetic behavior, whereas above this field they behaved more like ferromagnets.

The threshold field could be associated with an anisotropy field as was done in the two-level Stoner-Wohlfarth model developed by Carrey et al. for blocked magnetic moments. [34] Besides these obvious applications as nanoheaters in magnetic field hyperthermia and as MRI contrast agents, other uses could be envisioned. These very large diameter IONPs yet forming stable colloidal suspensions exhibited extremely large magnetic susceptibility in DC magnetic field (χ up to 100), which could be a requested property for delicate experimental setups based on weak DC magnetic fields such as the "magnetic tweezers" to manipulate living tissues or embryos, [48] or micromechanical experiments to assess the flexural rigidity of magnetic wires. [49] Another application could also be magnetic particle imaging (MPI) that requires IONPs optimally in the 20-25 nm diameter range so that magnetization saturates at low field strengths. [50] Such versatility of sizes, morphologies and thus of physical properties was achieved by playing only on the nature of polyols as well as the amount and way of introducing water in the reaction vessel ("hot injection" vs. "heating up"), in solvent reflux conditions.

In brief, robust, gram-scale and easily reproducible synthesis protocols were described to prepare from ultra-ultra-small superparamagnetic cores to very large size magnetic smooth nanospheres and multicore IONPs, the latter offering among the highest magnetic heating properties reported so far for synthetic IONPs.

Introduction

The chemical composition at the surface of bulk iron oxide has been examined, and reportedly exhibit iron and oxygen atoms, regularly arranged with local crystal defects. [1] The loss of crystal order leads to the integration of hydrogen in the chemical composition of the surface, and respecting the valency of the atoms produces Fe-O-H bonds. As IONPs exhibit high surface-to-volume ratios, a large numbers of hydroxyl groups are available at the surface for subsequent chemical modification.

Molecules that have a strong affinity toward the iron oxide surface can be used to bring specific properties of interest to the IONPs. Chemical moieties such as phosphonates, [2] carboxylates, [3] as well as hydroxyls [4,5] can form coordination bonds with the surface of maghemite or magnetite. The following sections describe the ligands that have been attached at the surface of the IONPs through direct chelation.

Several small molecules as well as natural and synthetic polymers conjugated to IONPs have been reported in the literature. They were able to improve the stability of IONPs in aqueous and biological media, or to bring new functionalities. Dextran, [6] poly(vinylpyrrolidone) (PVP), [7] poly(ethylene) glycol (PEG), [8] have been investigated among others to give "stealth" properties to

IONPs. The resulting core-shell morphologies added increased circulation times to the functionalized IONPs in the blood as compared to bare IONPs, allowing the nanoparticles to reach their target organs. The chemical modification of IONPs can be achieved either by directly adsorbing molecules or macro-molecules at their surface when there is a direct compatibility, or by using ligands that help bridging the gap between the inorganic core and the organic shell. The grafting of the polymer can be achieved in multiple steps, by successive assembly of molecules, starting from the IONPs. This divergent strategy is also reffered to "grafting from". The grafting of the polymer can also be achieved in a one-step chemical modification of the surface of the nanoparticle using an appropriate intermediate, extratemporaneously synthesized. This other grafting strategy leads directly to a coreshell structure. This strategy is sometimes referred to 'grafting to', and has the major advantage of being convergent.

Here are reported first the grafting of poly(acrylic acid) (PAA) that acted as a stabilizing polymer, and the grafting of PAA-Rhodamine which imparted fluorescence and stability properties to the IONPs. PEG was grafted for its stealth property, a (VPGIG) 20 (referred to as ELP 20 ) mono-block elastin-like protein was conjugated for its thermosensitive property, a (VPGVG) 40 -(VPG(A/G)G) 60 diblock elastin-like protein terminated with a Tat cell-penetrating peptide (referred to as ELP 40-60-Tat ) was also grafted for its thermosensitive property. Finally, a DY-700 fluorescent probe was attached to allow the tracking of the IONPs in biological conditions. These molecules or bio-macromolecules brought additional functionalities to the magnetic properties of the nanoparticles. The new properties acquired by the IONPs will be presented in the followings chapters, while in the present one are discussed the different strategies of surface modifications as well as the necessary characterizations.

Direct adsorption of polyions 2.1. Adsorption of poly(acrylic acid)

PAA, or more precisely, sodium poly(acrylate) can be adsorbed at the surface of IONPs. This polyvalent molecule presents a logarithmic acid dissociation constant of pKa=4.2, and chelates through its carboxylic acid groups at the surface of the IONPs. [9] Different molecular weights were available. In our case, a polymer with a molecular weight Mw=5100 g•mol -1 was used. PAA was adsorbed at the surface of IONPs when nanoparticles stable in neutral pH were needed. This PAA is an anionic polymer, making it a polyelectrolyte. Its degree of ionization varies over a large range of solution pH. [11] The of N-hydroxysuccinimide (NHS) (Sigma Aldrich, 98 %) were added to the solution to produce the NHS-activated ester. Precised amounts of EDC and NHS were reacted using stock solutions at a concentration of 1 g•L -1 . 0.8 mg (0.013 equiv., 6.9 μmol) of rhodamine123 (Acros Organics, 99+ %) dissolved in DMF was then added, mixed and let to react in order to yield rhodamine-modified PAA.

Results and discussion

Several PAA-rhodamine polymers were prepared this way with different targeted ratios of acrylic acid repeat units modified (0.1%, 1%, 5%, 10%) by adjusting equivalents of rhodamine, EDC and NHS with respect to PAA. The modified polymers were purified by dialysis against water and lyophilized.

The grafting of PAA-Rhodamine was made in identical conditions as for unmodified PAA. IONPs modified with PAA-rhodamine123 1% were stable in water at pH=7 (Figure 3 a). The core-shell IONPs@PAA-rhodamine123 were unstable in aqueous conditions at higher fractions of modified repeat unit (5%, 10%), probably because of the lower solubility of the fluorescent probe in water, leading to a more hydrophobic surface. The fluorescence was also confirmed by observation using a confocal microscope. A homogeneous fluorescent background was obtained when IONPs were stable and homogeneously distributed in the medium. The ionic strength of the solution was increased to screen the stabilizing electrostatic charges in order to aggregate the IONPs. Fluorescent aggregates were observed (Figure 3 b,c), proving that the fluorescence came from the polymer grafted at the surface of the IONPs and not from free polymer chains in solution. These IONPs were synthesized, characterized and sent to collaborators at the Institut Charles Sadron in order to study the interactions between IONPs and liposome cell-membrane models.

Results and discussion

Divergent synthesis or "grafting from"

A synthetic polymer poly [2-(dimethylamino) ethyl methacrylate] (PDMAEMA) and a biopolymer (ELP) were covalently tethered onto the IONPs. In a conventional "grafting from" synthesis, an initiator would have been attached at the surface of the nanoparticle before polymerization. In this section the strategy was similar except that the polymers and biopolymers were already synthesized beforehand and grafted at the surface of IONPs after addition of an anchor group and a heterofunctional linker (Figure 4). An aminosilane acted as the first building block that bound to the surface of the IONPs and bridged the gap between the inorganic core and the organic shell to build up. Then a heterobifunctional-linker was added before final attachment with the macromolecule of interest. Two macromolecules were introduced: a synthetic pH and thermosensitive polymer PDMAEMA, and a recombinant thermosensitive elastin-like polypeptide (VPGIG) 20 (referred to as ELP 20 ). These two macromolecules afforded additional functionalities to the IONPs. The grafting is presented in this section while the studies of the resulting IONPs modified properties are described in Chapters IV, V and VI.

Grafting of PDMAEMA

PDMAEMA is a thermo-and pH-sensitive polycation that has been used in applications such as antibacterial surfaces. [10] The present work uses the thermal transitions (LCST) of the polymer chains grafted onto IONPs. A sol-gel route and copper assisted azide-alkyne cycloaddition (CuAAC) chemistry were used for grafting PDMAEMA chains onto iron oxide NPs. complex and remove the copper salts, followed by pure water. The synthesis of IONPs with well-defined properties (chemical composition of their surface, hydrodynamic diameters, and polydispersity indexes) was mandatory to achieve the goal of in situ probing of their thermosensitive properties. First, superparamagnetic IONPs were synthesized using an alkaline co-precipitation procedure in water followed by an electrolyte-mediated magnetic sorting process. Then their surface was modified grafting the thermosensitive PDMAEMA chains, as illustrated in Figure 6. Bare IONPs exhibited hydroxyl functionalities (Fe-OH) at their surfaces (A), allowing the grafting of AEAPTMS by sol-gel chemistry (hydrolysis-condensation) (B). The amino groups on the grafted silanes were then coupled to the carboxylic acid groups of azidoacetic acid (abbreviated as AZ) using an NHS-mediated EDC coupling (C). Finally, the alkyne-terminated PDMAEMA was conjugated to the azides by a copper-mediated azide-alkyne cycloaddition reaction (D). The grafting steps were assessed by attenuated total reflectance infrared (ATR-IR) spectroscopy (Figure 7). The spectrum of the original ferrofluid presented peaks in the 3000-3500 cm - 1 range attributed to the stretching vibrations of water. The peak at 1392 cm -1 was ascribed to elongation modes of adsorbed NO 3 -ions. The peak at 1627 cm -1 was ascribed to the bending vibration of water, and the large, strong peak starting at 536 cm -1 corresponded to the stretching vibration of the bond between oxygen and iron. This was explained by the hydration of the sample by remaining traces of water. This water was superficial rather than interstitial as there was evidence from TEM analysis that the IONPs consist of single spherical crystals with no visible defects. The signal from the Fe-O bond ensured the presence of hydroxyl groups on the surface of the IONPs, which were thereafter exploited as anchor groups for the silanization and subsequent functionalization. After grafting of AEAPTMS, new signals appeared in the IR spectrum. Barely visible peaks at 1114 and 1043 cm -1
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were due to the stretching of C-N bonds and Si-O-Si bonds. Peaks at 2926 and 2853 cm -1 corresponded to the stretching of -CH 3 and -CH 2 -groups. The other peaks were already present before the reaction. These observations were consistent with the grafting of AEAPTMS, which exhibited aliphatic carbons and primary (-NH 2 ) and secondary (-NH-) amines. There was no sign of alcohol groups, which suggested the conversion of the alkoxysilane into a silanol followed by chemical bonding with the hydroxyl groups on the surface of the IONPs was complete. Azidoacetic acid was grafted on the primary amines through an amide bond formation as a next step toward the synthesis of the thermosensitive IONPs. The IR spectrum remained roughly unchanged, but exhibited a strong sharp peak at 2015 cm -1 which was typical of an azide functional group. The spectrum showed broad bands ascribed to amide carbonyl groups in the 1650-1690 cm -1 range (amide band I for C=O, amide band II for N-H). Finally, the grafting of PDMAEMA resulted in a more complex spectrum. The disappearance of the azide peak suggested substantial conversion during the reaction.

There was also a strong peak at approximately 1750 cm -1 , which likely corresponded to the carbonyl stretch of the amides. The peaks at ~2500 cm -1 corresponded to amines or amine salts of the polymer. Fe-OH 2+ species). The iron oxide surface bore a positive charge in acidic media and a negative charge in basic media. However, in practice, to obtain |Zeta|>25 mV and stable uncoated iron oxide colloids, the pH had to be lower than 4 or higher than 10, while the ionic strength needed to remain limited, typically less than 20 mM, otherwise the electrostatic repulsions were screened by the electrolyte.

Zetametry was a powerful tool to investigate the nature of the chemical functions grafted on the IONPs, first the primary and the secondary amines of the aminosilanes, and then the tertiary amines of the polymer chains. Measurements of the Zeta potential versus pH for all of the coated IONPs showed that the isoelectric point was the highest (pH(I)∼10) for the IONPs@AEAPTMS, while it decreased by one unit (pH(I)∼9) for the final IONPs@AEAPTMS-AZ-PDMAEMA. As predicted, amine moieties lost their positive charge above the pKa, and the remaining negative charges must have arised from still uncoated hydroxyl groups Fe-O -or possibly from deprotonation of the N-H groups of the secondary amine or amide associated with the AEAPTMS linker. Compared to bare IONPs, grafted IONPs exhibited higher stability over a broader pH range because pure electrostatic repulsions were replaced by electro-steric repulsions, meaning that the organic chains at short distances could not interpenetrate, leading to better dispersed IONPs. The shift of the isoelectric point along the successive grafting steps could be ascribed to variation in the quantity of amines at the surface of the IONPs. The grafting of azidoacetic acid on the primary amines reduced the isoelectric point of the IONPs by approximately 0.5 pH units, because the azide function was neutral at all pH. Finally, the isoelectric point was further reduced by 0.5 pH units following grafting of PDMAEMA chains onto the IONPs using the azido moieties as anchor groups. This observation was consistent with the pKa value of PDMAEMA that had been determined to be 9.5 by acid-base titration (Figure 5 b). In addition, for a brush of PDMAEMA chains grafted at high density on IONPs such as in the current system, a curvature effect could further decrease the pKa, as previously reported for star-like PDMAEMA micelles. [15] 

Grafting of a thermosensitive elastin-like polypeptide

The elastin-like polypeptide MW(VPGIG) 20 C (later referred to as ELP 20 ) was bio-synthesized using an Escherichia Coli (E. Coli) strain, as previously reported by Bataille et al. [16] The recombinant expression of the hydrophobic ELP in E. Coli led to pure biodegradable polymers with thermosensitive properties, exhibiting a temperature of transition at around 15 °C in low salt buffer.

The ELP 20 was therefore an interesting candidate for biomedical applications due to its physicochemical properties. Coupling the ELP 20 with IONPs would theoretically lead to a biocompatible and biodegradable hybrid organic-inorganic core-shell nanoparticle with magnetic and thermosensitive properties. Preculture media were prepared by dissolving 1 g of LB broth supplemented with 0.25 g of yeast extract and 0.05 g of D+ glucose in 50 mL of deionized water. Culture media were prepared by dissolving 20 g of LB broth supplemented with 5 g of yeast extract and 1 g of D+ glucose in 1 L of deionized water. The solutions were sterilised at 110 °C at high pressure for 30 min in an autoclave.

Materials and methods

LB

Selected bacteria strains (R118 and R151) were used to inoculate the preculture media and ampicillin (50 μL, 100 mg•mL -1 ) was added. Bacteria were let to develop in an incubator at 180 rpm, 37 °C overnight. After approximately 14 h, 300 μL of pre-culture media were diluted with 2700 μL of water (dilution factor of 10). Optical densities at 600 nm (OD600nm) were measured using a UV-Vis spectrometer. 1 mL of ampicillin (50 μL, 100 mg•mL) was added to culture media, as well as correct volumes of precultures to reach an OD of 0.1, using the following formula:

𝑉 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑉 𝑝𝑝𝑝𝑝𝑝𝑝𝑝 × 𝑂𝑂 𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑂𝑂 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
Samples were collected every hour to measure their OD600nm. When their optical densities reached a value of 1.2, ELP production was initiated by addition of IPTG to a final concentration of 0.5 mM. The temperature of the incubator was decreased from 37 °C to 25 °C. 22 h after induction by IPTG, the cultures were harvested by centrifugation at 11000 rpm for 15 min at 4 °C. Supernatants were discarded and pellets were stored overnight at -80 °C. Pellets were later thawed at -4 °C, 10 mL of PB 1X was added for every gram of bacteria, and solutions were supplemented with one tablet per 10 mL of Complete Mini EDTA-free protease inhibitors. Thereafter the samples were incubated overnight at -80 °C and slowly defrosted by incubation at 4 °C. Total cell lysis was performed by sonication for 30 min, pulses 2 s on 2 s off, 100 % amplitude and kept in cold condition using an ice bath. Polyethyleneimine (PEI) was then added to the solution at a final concentration of 0.44% (v/v) to precipitate bacterial DNA. Finally the released ELPs were purified by three successive steps of inverse transition cycling (ITC). Solutions were separated into 50 mL Eppendorf centrifugation vials, and insoluble debris were removed by centrifugation at 4 °C at 8500 rpm for 30 minutes ("cold spin").

Pellets were discarded and few mLs of a 5 M (290 g•L -1 ) NaCl solution was added to the supernatants to precipitate the ELPs. Centrifugation was then carried at 25°C at 8500 rpm for 30 minutes ("hot spin"). The pellets were re-dispersed in PBS 1X buffer in an ice bath. These two centrifugation steps were reproduced two more times to purify the ELPs. The ELPs dispersed in PBS buffer were finally dialyzed three times for 12 h against 5 L of dionized water as a final step, before to be freeze-dried to evaluate the yields. 60 mg were obtained from the R118 strain; 170 mg were obtained from the R151 strain.

IONPs were synthesized by the co-precipitation pathway followed by a size-sorting process, as described in Chapter II. The S1S2 fraction was used for the bioconjugation with (VPGIG) 20 . 530 μL of AEAPTMS (2.4 mmol, representing an excess of 20 added molecules per nm 2 for S1S2) was grafted onto IONPs (420 mg, 5.25 mmol of Fe), in a mixture of solvents (10% water 90% ethanol) in acidic conditions (arising from the low pH of the ferrofluid) at first to hydrolyse the alkoxysilane into a hydroxysilane, followed by condensation with the Fe-OH moieties of iron oxide in neutral conditions for an hour, and boiling at reflux for another hour, a protocol adapted from Duguet and Mornet's patent. [12] The sample was then washed multiple times with methanol by a precipitation-redispersion process before being redispersed in water with a pH corrected to a value of 3 with dilute HNO 3 .

Samples with different (VPGIG) 20 grafting densities were prepared. For a grafting density of 0.1 chain of (VPGIG) 20 per nm 2 , 2.12 mg of S1S2 were mixed in glycerol and dried overnight at 60 °C at low pressure in an oven. They were then diluted in DMSO, 4.72 mg (36 μmol) of DIPEA, and 0.14 mg (0.41 μmol) of GMBS were added. The dispersion was sonicated for 30 min, pulses 1 s on 2 s off, 40 % amplitude and let to react fro 2 h. Reactants were introduced as stock solutions in DMSO. 3.62 mg (0.41 μmol) of (VPGIG) 20 was added and let to react overnight (12 h). The dispersion was sonicated for 30 min, pulses 1 s on 2 s off, 40 % amplitude. The sample was purified by centrifugation-redispersion, and redispersed in water.

Results and discussion

The ELP 20 was produced by adapting a protocol that was already described elsewhere. [16] Harvested cells were lysed by sonication; PEI was added to the solution to separate cell debris as well IONPs obtained by co-precipitation from the fraction S1S2, presenting spherical morphologies were used for the bioconjugation with ELP 20 . The IONPs were grafted with the ELP 20 following a divergent strategy, by covalent assembly of a ligand and a heterofunctional linker before final attachment of the shell, as illustrated in Figure 6. The IONPs were first modified with AEAPTMS as described in the previous section, which acted as a ligand binding at one end onto the surface of the inorganic core of iron oxide, and presenting at the other end an amine moiety (Figure 6 (A)). A simplistic surface modification approach would have been to directly activate the C end of the ELP 20 using EDC and NHS. This would have led to the activation the carboxylic acid moiety with an NHSester, followed by a direct grafting onto the amines presented at the surface of the IONPs.

Unfortunately, this would have led to a parasitic reaction of oligomerization, as the ELP 20 also presented a primary amine chemical moiety. It was therefore chosen to use a commercial heterofunctional linker GMBS (Figure 6 IONPs functionalized with the ELP 20 were imaged by TEM. The micrograph evidenced coreshell structures as shown in Figure 11. Similarly to what was previously observed in the case of IONP@PDMAEMA, iron oxide cores showed a strong contrast due to their higher density in electrons coming from the dense nanocrystaline packing of iron (Z Fe =26). The corona had a lighter shade of grey as it was mainly composed of carbon (Z C =6) with moderately dense biopolymer brushes. The IONPs appeared regular in morphologies, with spherical morphologies and comparable diameters. As the sample was prepared by drying the material on the TEM grids, the corona imaged on the micrograph was dehydrated, which explained the observed thickness of few nanometers.

Thermogravimetric analysis (TGA) of the ELP 20 evidenced that the polypeptide degraded at 330 °C, which was similar to the temperature of degradation observed for IONPs functionalized with ELP 20 (Figure 12 a-b). This led to the estimation of a relative proportion of organic material of 15 % w/w when reasoning in weight percentage. The relative volumic proportion of organic material could be estimated at 39 % v/v when taking into consideration the densities of the two materials (4.9 g/cm 3 for maghemite γ-Fe2O3 and 1.35 g/cm 3 for the ELP 20 as reported for proteins in the crystalline state) [17]. These analyses allowed the determination of the number of ELP chains per nanoparticle, according to the following hypotheses: i) the IONPs were spherical, allowing the geometrical calculation of the total surface available for the grafting and therefore the determination of the grafting density calculated from the total surface and the total number of chains. ii) The IONPs had a homogeneous (neglectable roughness) surface and similar size, leading to the equal distribution of ELP chains among the IONPs, as they each present an equal surface. It was estimated on this example that the IONPs carried an average of 32 chains of (VPGIG) 20 . Samples with different grafting densities were produced, and the influence of this parameter on the magnetic and thermosensitive properties of the IONPs is discussed in the next Chapter.

Convergent synthesis or "grafting to"

Figure 13 General principle of a convergent surface modification of IONPs.

The convergent surface modification of IONPs aimed to improve the efficiency of the multistep synthesis and the characterization of the final materials (Figure 4). Individual pieces of macromolecules to be grafted onto the cores were combined separately before grafting them at the surface of the IONPs in a single final step (Figure 13). Practically, this way to proceed enabled using common chemical characterization technics such as TLC or 1 H NMR (for the characterization of the synthetic intermediates), which was not possible when starting the modification from the magnetic IONPs. This convergent strategy had the advantage of taking place in conditions suitable for the stability of the IONPs, enabling the modification of the whole surface available. The IONPs and molecules were simply stirred for a determined duration, before neutralizing the pH and purifying the IONPs by centrifugation-redispersion. The ratio of polymer to IONP was calculated to form a dense layer of tethered polymer chains, with a sufficient grafting density so that the molecular chains were extended. In this brush regime the IONPs were stabilized by steric repulsions between IONPs. In this strategy a phosphonic acid moiety was selected as it is could not form oligomers in solution contrary to siloxanes. 0.066466 • 𝑀 n 0.45224 ) [19], which are different but both lead to the same value 𝑅 G = 3.4 nm for PEG of M n =6,000 g⋅mol -1 . After 2 h of reaction, the pH was neutralised with Tris 50 mM and the solutions were purified from the excess of PEG* and DY700* by 3 cycles of centrifugation-redispersion (18,000 g, 1 h at 25 °C, 30 min at 1°C to increase viscosity and avoid pellet dispersion before removing the supernatant).

Results and discussion

The surface of IONPs was chemically modified by grafting poly(ethylene glycol) (PEG) in order to bring steric stability in physiological media. PEG was previously chemically modified in order to introduce a phosphonic acid anchor group, which was later used to tether the chain at the surface of the IONPs. A thiol-terminated PEG was chemically modified to introduce a phosphonic anchor group at the chain end (Figure 14). 2-aminoethylphosphonic acid (AEP) (Figure 14 (A)) was reacted with GMBS (Figure 14 (B)) to produce a heterofunctional linker (Figure 14 (C)). Both solution temperature and pH were controlled in order to prevent a too fast hydrolysis of the NHS-activated ester. For this reason, the temperature of the solution was cooled using an ice bath and the pH was kept neutral using a phosphate buffer. Poly(ethylene glycol) methyl ether thiol (mPEG-SH, average molar mass M n =6,000 g⋅mol -1 ) (Figure 14 (D)) was reacted with the heterefunctional linker through a a Michael-type addition. For the sake of simplicity, PEG chemically modified with a phosphonic anchor group was later referred to as PEG*.

1 H NMR was used to confirm the chemical modification of PEG* (Figure 15). Several pieces of information could be obtained from the integration of the peaks. The peak from PEG* served as a reference for the integration of other peaks, with its value fixed at 545 protons according to the average molar mass M n =6,000 g⋅mol -1 stated by the supplier, leading to an average degree of polymerization of Dp=135. The reaction was quantitative for the first reaction step leading to the formation of an amide bond between GMBS and AEP. The chemical yield was most probably improved by the excess of AEP, as well as by the pH and temperature of reaction leading to stable NHS-ester activated GMBS. The thiol-maleimide Michael addition of PEG and AEP-GMBS had a chemical yield of 80%, possibly due to the parasitic formation of disulfides. Several parameters of interest to describe the core-shell IONPs@PEG* nanoparticles are presented in Table 2. Different grafting densities were tried by varying the equivalents of reagents, to reach densities in a range from 0 to 0.55 chains per nm 2 . This range of value corresponded to a number of PEG* tethered at the surface of the IONPs in a range from 0 to 501. The reduced tethered density Σ allowed estimating the crowding of grafted chains at the surface of the IONPs. With theoretical ranges of Σ from 0 to 20, the chains were expected to be in the mushroom, mushroom-to-brush, and brush regimes. Reduced tethered densities of up to 10 were estimated by TGA, the theoretical value of 20 was probably overestimated, and was meant to represent a saturation of the surface of the IONPs with PEG* chains. A similar behavior was observed for multi-core IONPs from the polyol batch 30FF. Stable dispersions could be obtained at Σ>16. The higher values of reduced thethered densities needed to stabilize the IONPs could be explained by their surface roughness. This led to an underestimate of their specific surfaces that could not be reasonably assessed by geometrical calculations. The Σ values were calculated in the hypothesis of spheres of radius of 40 nm, while the IONPs exhibited raspberrylike morphologies, leading to an underestimate of the total surface available for modification. Also the conformations of the grafted polymer chains were probably different compared to onto flat surfaces.

The chains could not only interact sideways but also at narrower angles because of the rugosity of the surface. All these molecules had a logarithmic acid dissociation constant pK a that allowed obtaining buffers corrected at pH=7 with dilute nitric acid and/or sodium hydroxide, with a ionic strength of 50 mM. Among the 10 conditions studied, 3 samples were stable, and all of them were IONPs grafted with PEG*. This demonstrated the superior stability of IONPs stabilized by PEG* at physiological pH and saline conditions. Suitable buffers were Tris, phosphate, and MES. The explanation to this phenomenon was not unraveled.

A DY700 fluorescent dye was used to track the IONPs in vitro and in vivo. This dye is reportedly stable in biological conditions and has low cytotoxicity, which made it suitable for magnetic hyperthermia studies in biological conditions. [21] The DY700 was chemically modified to introduce a phosphonic moiety (referred to as DY700*) that served as an anchor group for the conjugation with the IONPs. The NIR fluorescent probe DY700* was coupled directly onto the surface of IONPs resulting in a very likely shielding of the dye by the PEG* layer (Figure 21). The proximity of the fluorescent DY700* with the surface of the semi-conducting iron oxide was expected to lead to partial quenching of the fluorescence signal. This phenomenon may occur through two separate mechanisms: i) by IONP/fluorophore interaction [22] and/or ii) by fluorophore/fluorophore self-quenching due to a high local concentration of dye. The amount of dye to graft was therefore limited to 1 % w/w, to guaranty a sufficient fluorescence signal for detection as well as to avoid covering the IONPs surface with a hydrophobic molecule. Using a spacer to increase the distance between the IONPs surface and the dye as well as the distance between fluorophores was another option. However, we considered that the DY700* conjugation close to the IONPs surface would prevent undesirable hydrophobic interactions with the environment (biological fluids, cells, etc.). The DY700* characteristic wavelengths were respectively λexc=650 nm for excitation and λem=700 nm for emission. These values were in the NIR region of the electromagnetic spectrum, a range of minimum absorption of biological fluids and tissues, also far from the shorter wavelength radiations that were strongly absorbed by IONPs.

IONPs were cleaned from the excess of fluorophore and polymer by centrifugationredispersion ( ). The volume of water could easily be reduced from 1500 μL down to 50 μL at each cycle without discarding significant quantities of IONPs. The purity of the final solution reached up to 99.99% after 3 cycles. This could be achieved in a non-time consuming manner; it was faster than dialysis, ultra-filtration, and centrifuge filtration. It was cost-effective, and it guarantieed a purity that could be quantitatively estimated. The purification process by centrifugation-redispersion is onpurpose presented in results and discussion. Though it was not a scientific advancement, it greatly helped cut efforts and time and allowed the project to be significantly pushed forward. The grafting 123 could be visually assessed as DY700* (Figure 22 

Grafting of a thermosensitive diblock elastin-like polypeptide 4.2.1. Materials and methods

Preculture media were prepared by dissolving 55 g of terrific broth (TB) in 100 mL of deionized water and separated in two 250 mL erleinmeyers. Culture media were prepared by dissolving 220 g of TB broth in 4 L of deionized water and separated in four 5 L erleinmeyers. The solutions were sterilised at 110 °C at high pressure for 30 min in an autoclave. A single colony of bacteria cultivated in petri dishes was selected and used to inoculate preculture media, and a Kanamycin stock solution was added (20 μL, 45 mg•mL -1 ). Bacteria were let to develop in an incubator at 180 rpm, 37 °C overnight. After approximately 14 h, precultures were harvested by centrifugation at 3200 rpm for 10 min at 4 °C. The supernatant was discarded; the pellet was stored at 4 °C for the rest of the day. The concentrated bacteria were redispersed in 4 mL of preculture media.

100 μL of the solution was diluted with 400 μL of preculture and 500 μL of glycerol 50 % in 2 mL

Eppendorf tubes to store the selected bacteria colony at -80 °C for further productions. Approximately 1 mL of the concentrated preculture condition was added to each of the 1 L culture media along with 1 mL of Kanamycin solution, and let to develop in an incubator at 180 rpm, 37 °C overnight. Culture media were then transferred in 500 mL flasks, and centrifuged for 15 min at 30000 rpm, 4 °C.

Supernatants were discarded and pellets were stored at -80 °C, and then thawed. They were redispersed in PBS 1X (approximately 10 mL•g -1 of pellet). Total cell lysis was performed by sonication for two times 3 min, pulses 10 s on 20 s off, 100 % amplitude and kept in cold condition using an ice bath (temperature not exceeding 10 °C). Then, polyethyleneimine (PEI) was added to the solution at a final concentration of 0.44% (v/v) to precipitate bacterial DNA. Finally the released ELPs were purified by three successive steps of inverse transition cycling (ITC). Solutions were split into 50 mL Eppendorf centrifugation vials, and insoluble debris were removed by centrifugation at 4 °C at 8500 rpm for 30 minutes ("cold spin"). Pellets were discarded and few mLs of a 5 M (290 g•L -1 ) NaCl solution was added to the supernatants to precipitate the ELPs. Centrifugation was then carried at 25°C at 8500 rpm for 30 minutes ("hot spin"). The pellets were re-dispersed in PBS 1X buffer in an ice bath. These two centrifugation steps were reproduced two more rounds to purify the ELPs. The ELPs dispersed in PBS buffer were finally dialyzed three times for 12 h against 5 L of dionized water as a final step, before to be freeze dried to evaluate the yields. Productions yielded 68 mg•L -1 of ELP on average. dimer content, thus leading to reactive free thiol groups. In parallel, 20 equiv. (8.9 mg, 71 μmol) of AEP was reacted with 5 equiv. (5 mg, 18 μmol) of GMBS in 50 mM PB for 24 h in an ice bath. Both solutions were then mixed and let to react for 24 h, and finally purified by 3 ITC cycles and dialyzed three times for 12 h against 5 L of dionized water as a final step, before to be freeze dried.

Here is a description to produce IONPs grafted with the diblock ELP 40-60-Tat , that was used for biological experiments. 22ff IONPs (monocore, r=6.1 nm) were thoroughly washed with a solution of water and ethanol 20:80, 2 times in basic condition and 2 times in acidic conditions by precipitationredispersion. Sonication was used at every step, with pulses 4 s on 1 s off, 30 % amplitude, 5 min. 70 mg of IONPs dispersed in aqueous solution at pH=2.5 were mixed with 450 μg of DY700* (stock solution at 1 g•L -1 , 450 μL, 200 molecules per IONP), and let to react for 1 h. 28 mg of diblock ELP 40- 60-Tat was then added (stock solution at 10 g•L -1 , 2.8 mL, 28 chains per IONP, reduced tethered density of 15, grafting density of 0.06 chain per nm 2 ). After 2 h, 4 mL of Tris was added, dilute ammonia was used to correct the pH to a neutral value (pH=6.5). The dispersions were stable and centrifuged in 2 mL Eppendorf tubes 1 h at 25 °C, 18000 g followed by 30 min at -1 °C, 18000 g to increase the viscosity of the solution and prevent the redispersion of the IONPs during deceleration. The supernatatants were discarded and renewed with an arbitrary volume of fresh Tris solution. The process was repeated two times. The nanoparticles were finally sonicated pulses 1 s on 4 s off, 30 % amplitude, 5 min, yielding stable dispersions in 50 mM Tris solution.

Results and discussion

A thermoresponsive diblock ELP 40-60-Tat was grafted using the convergent strategy. The ELP 40- The diblock ELP 40-60-Tat used in the current study was designed with a thermosensitive (VPGVG) 40 block undergoing a reversible phase transition in solution, followed by an hydrophilic (VPGXG) 60 (X=A,G 1:1) block. In this study the critical micellar temperature was of 42 °C, which was conveniently a few degrees above the human body temperature. This property could be exploited for drug delivery applications triggered by magnetic hyperthermia and complete biomedical applications envisioned for polypeptides. [24] The N-terminal end of this diblock ELP 40-60-Tat featured a seven aminoacid leader sequence containing a Cys residue, which was used for the convergent bioconjugation strategy with IONPs. The C-terminal end (trailer) contained a Tat peptide sequence, well-known for its cell penetrating properties thanks to its high density of positive charges at physiological pH. [25,26] In this work, the diblock ELP 40-60-Tat was modified at the Cys residued leader peptide to introduce a phosphonic acid head group, and directly grafted onto the surface of IONPs.

In order to obtain IONPs with both magnetic and thermosensitive properties, a magnetic iron oxide core was first designed before further functionalization with the thermosensitive ELP 40-60-Tat (Figure 24). IONPs were synthesized by a polyol reaction as previously presented. Different morphologies were obtained, such as irreversible aggregates of nanoparticles so-called "nanoflowers" with strong heating properties evidenced by SARs of several hundreds of W/g (up to 500). But for the sake of simplicity in the estimates of the grafting density, nanoparticles from polyol batches 23ff and 22ff were selected in the produced library showing good heating properties, but only with spheroidal shapes and satisfying size distribution (standard deviation inferior to 0.2). This ensured estimating correctly the surface of γ-Fe 2 O 3 IONPs available for the grafting of macromolecules with basic geometrical formulas. The grafting density 𝜎 = 1 𝑑 2 ⁄ (with 𝑑 being the distance between grafted (tethered) chains at the surface of the IONPs) was determined experimentally from thermogravimetric measurements. The amounts of ELP* 40-60-Tat grafted at the surface of the IONPs were calculated to reach the "mushroom to brush" and "true brush" regime of the ELP* 40-60-Tat coating as presented in the review by Brittain et al about polymers tethered to surfaces and colloids. [20] It was evidenced in a precedent work that ELPs in solution had chain conformations similar to that of polymers. The radius of gyration of free ELP in solution as a function of molecular weight could be described by a power law with an exponent value close to 0.5, which was characteristic of Gaussian coil conformation. [23] Calculating the reduced tethered density 𝛴 = 𝜋𝑅 g 2 𝑑 2 ⁄ helped representing the quantity of polypeptide grafted at the surface (with 𝑅 g the gyration radius of the ELP and d the distance between grafting points). Knowing the gyration radius of the ELP which was previously measured at 8.8 nm by small angle neutron scattering, the reduced tethered densities were either set in the range of 1<Σ<5 for the "mushroom to brush" regime or 5<Σ<10 for the "true brush" regime. These ranges respectively corresponded to interchain distances d (nm) of 16<d<7 for the "mushroom to brush" regime or 7<d< 5 for the "true brush" regime, N chains per nanoparticle of 1<N<7 for the "mushroom to brush" regime or 7<N< 14 for the "true brush" regime. Reduced tethered density Σ 0 3.9 6.0 10

Several parameters of interest to describe the core-shell IONPs@ELP* 40-60-Tat nanoparticles are presented in Table 3. Different grafting densities were tried by varying the equivalents of reagents, to reach densities in a range from 0 to 0.041 chains per nm 2 . These values are relatively low, as the molecular weights of the ELP* 40-60-Tat is of 41564 g mol -1 , leading to a crowding of the surface at lower grafting densities. This range of value corresponded to an average number of ELP* 40-60-Tat tethered at the surface of the IONPs in a range from 0 to 13.5. The reduced tethered density Σ allowed estimating the crowding of grafted chains at the surface of the IONPs. With Σ values ranging from 0 to 10 as determined by TGA, the chains were expected to be in the mushroom-to-brush and brush regimes.

Infrared spectroscopy was carried out on the samples to assess the grafting of the ELPs on γ-Fe 2 O 3 IONPs (Figure 27). The bare γ-Fe 2 O 3 dried sample showed peaks in the 3000-3500 cm -1 range corresponding to stretching vibrations of water. The peak at 1630 cm -1 was ascribed to the bending vibration of water, and the large peak at 540 cm -1 was attributed to the stretching vibration of the bond between iron and oxygen. The same γ-Fe 2 O 3 IONPs grafted with ELP* 40-60-Tat at different grafting densities showed additional peaks at 1660 cm -1 and 1550 cm -1 related to the amides of the proteins.

Peaks in the range of 3200 to 2800 cm -1 were attributed to CH 2 , CH 3 and CH vibrations. The spectra were rescaled based on the intensity of the iron oxide peak at 540 cm -1 in order to compare the intensities of the peaks attributed to grafted proteins. As expected, the relative absorbance of the protein peaks increased along with the grafting density, as the quantity of proteins relative to IONPs increased. ELP brushes were grafted at different reduced tethered densities that were both evidenced by TGA and IR (Table 3, Figure 26, Figure 27). The influence of the grafting density over the thermoresponsive behavior of the IONPs is reported in Chapter IV. To the best of our knowledge, it is the first time that a core-shell structure of IONPs grafted with a thermosensitive ELP is reported.

Conclusion

Different anchor groups were tested for surface modifications, such as carboxylic acids, silanes, and phosphonic acids. They allowed grafting molecules of interest at the surface of IONPs, by bridging the gap between the inorganic core and the organic shell. Different molecules and macromolecules of interest were grafted, as a fluorescent probes (rhodamine123, DY700), a thermoresponsive polymer PDMAEMA, a stealth polymer PEG, a thermosensitive ELP 20 and a thermosensitive diblock ELP 40-60-Tat fused with a Tat cell-penetrating peptide. Two types of bioconjugation strategies of the IONPs with the organic shells were tried out: the divergent and the convergent grafting approaches. The divergent strategy was used in the first steps of the project, when developing surface modifications with silanes (grafting of PDMAEMA and ELP 20 ). It was not possible to do chemical modifications using silane anchor groups before final bioconjugation with the IONPs as silanes have a propensity to self-polymerize and form oligomers. For this reason, the silane terminated anchor groups had to be grafted first on the IONPs, and the final shell was constructed by successive covalent assembly of heterofunctional linkers and macromolecules. Switching to relatively chemically inert phosphonate anchor groups led to the possibility of using a convergent strategy, with a chemical modification of fluorescent probes, polymers and polypeptides beforehand, in a step prior their bioconjugation with IONPs. This allowed characterizing the chemically modified (macro)molecules by classical means such as TLC, mass-spectrometry, NMR, and IR spectroscopies.

The bioconjugation of the (macro)molecules with the IONPs was finally carried in a single one-pot step, in mild conditions of reaction, leading to readily stable dispersions of nanoparticles. Divergent grafting strategies followed by dialysis purification used to take weeks, with uncertain intermediate reaction steps. On the contrary, the convergent strategy coupled with a centrifugation-redispersion purification process helped cut time and effort. Core-shell nanoparticles could be produced in a single day with a good estimate on the purity of the final product. The newly formed hybrid core-shell structures presented new properties: magnetism due to their iron oxide core, and thermosensitive, cellpenetrating, stealth, fluorescent properties depending on the surface modification selected. This theoretically led to the equivalent of Swiss-knives multi-potent nano-objects for medical applications.

Their properties are described in more details in Chapters IV, V and VI.

Introduction

Local increase of temperature in body tissues is envisioned as an attractive cancer therapy.

Current approaches for local hyperthermia mainly involve focused ultrasound surgery (FUS), [1] visible or near-infrared plasmonic absorption by noble metal NPs, [2] and magnetic induction in the mega or giga-Hertz bandwidth.

[3] Among these methods, magnetic hyperthermia is envisioned to become an efficient therapeutic treatment by oncologists to fight against incurable and hard to reach cancers such as glioblastoma; a type of brain cancer. [4] Magnetic hyperthermia has the major advantage to penetrate deeper tissues than what is possible with light or acoustic waves.

Understanding the mechanism of how magnetic nanoparticles (MNPs) convert electromagnetic radiations into heat at the nanoscale and dissipate it into the surrounding environment is emerging as an intensive and debated research area. [5,6] IONPs are prominent heating agent candidates due to their ease of synthesis, cost-effectiveness and magnetic properties. [7] Moreover, IONPs are highly biocompatible due to the homeostasis of iron. [8,9] Tuning the morphology of the NPs has also been used to control their heating properties in cellular media under a radiofrequency magnetic field. [10] Different synthesis pathways were explored with the aim of providing IONPs with the highest heating properties, among which was selected the polyol pathway (discussed in Chapter II). This process has the advantage of providing IONPs readily dispersible in water, with well-controlled morphologies and satisfying heating properties. [11] The surface of these IONPs was frequently modified to bring stability in biological conditions or extra functionalities. Our group has previously reported the grafting of thermosensitive polymer chains exhibiting a temperature-dependent transition between swollen and dehydrated states onto IONPs. A commercial synthetic temperature-dependent statistical copolymer called Jeffamine™ was grafted onto IONPs to obtain thermosensitive contrast agents for magnetic resonance imaging (MRI). [12] We also reported a thermosensitive poly [2-(dimethylamino)ethyl methacrylate] (PDMAEMA) polymer chain synthesized by controlled radical polymerization and grafted onto IONPs using a copper assisted azide-alkyne cycloaddition reaction. [13] The hydrodynamic diameter variations of these thermosensitive and magnetic IONPs were measured in situ while applying a radiofrequency magnetic field by using an in-house designed dynamic backscattered light intensity setup combined with MH. With the aim of improving this method and applying it to cellular environments, a more biocompatible and biomimicking macromolecule coating was developed, based on thermoresponsive recombinant ELPs. Thanks to the collaboration with other laboratories, other systems were also investigated, as thermo-cleavable magnetic micelles made of self-immolative polymers loaded with IONPs. Thermo-sensitive and magnetic microgels or nanorattles were also studied. Their reversible change of conformation under magnetic hyperthermia was evidenced in situ using our unique set-up. These structures provide promising strategies for drug delivery triggered externally by the application of a magnetic field. detected by fiber optics in backscattering conditions, [18] enabling measurements of concentrated samples (here around 1 g•L -1 of iron oxide). The scattering volume was defined at the intersection between the incident measurement beam (horizontal) and the alignment beam (tilted at an angle) and the measurement distance was adjusted to 8 cm compared to the remote head. Kinetic DLS measurements were acquired with the NanoQ™2.5 software. The remote head was adjusted to locate the scattering volume approximately 2 mm behind the wall of the cuvette. The beam power was tuned to read a scattered intensity in the working range 1000-4000 kcps of the detector. After choosing the minimum decay time and number of channels of the correlator, the acquisitions were launched for an unlimited time with independent sub-runs of 30 s. The correlogram of each sub-run was analyzed on the fly by the 2nd order cumulant. The temperature was recorded by the Opsens conditioner (through RS-232 cable) and at a rate of 1 Hz by the NanoQ™2.5 software (through an analogous output, with a shielded cable to protect it from the electromagnetic perturbations when the radio frequency (RF) magnetic field was on). As any metallic part located too close to the solenoid would be heated through eddy currents generated by the electrical field component of the RF excitation, the magnetic field intensity in front of the coil (outside) was estimated to predict how it decayed with distance. A scout coil of diameter 1.75 cm (of surface S=2.4 cm 2 ) was used to estimate the magnetic field strength, generating a root mean square (RMS) electromotive force 𝑒 𝑅𝑅𝑅 = 𝐵 0 × 𝑆 × 2𝜋𝜋 when submitted to a RMS field induction 𝐵 0 , detected by an oscilloscope (Teledyne LeCroy Waveace™ 102). A magnetic induction 𝐵 0 =16.3 mT was measured at a distance of 5 cm from the entry, 𝐵 0 =14.1 mT at 15 cm, 𝐵 0 =1.28 mT at 22 cm, and 𝐵 0 =0.44 mT at 30 cm, in accordance with studies showing the field intensity decay vs. distance for such magnetic induction setups. [19] The field lines were also calculated using cylindrical axi-symmetry with the finite element simulation freeware FEMM 

Materials and methods

Presentation of magnetic hyperthermia coupled with DLS set-up

Proton relaxometry

NMR tubes (7.5 mm outer diameter) were filled with 0.3 mL of each sample, and inserted in a Bruker™ mq60 relaxometer equipped with a 60 MHz / 1.41 Tesla magnet. Following recommended protocols in proton relaxometry, [14] longitudinal T 1 relaxation times were measured using an inversion-recovery sequence of first duration of ∼0.1×T 1 and final duration of ∼3×T 1 with a recycling delay (RD) of ∼5×T 1 between two of the 10 acquisition points, 4 scans and an automatic RF receiver gain. Transverse T 2 relaxation times were measured using Car-Purcell-Meiboom-Gill (CPMG) sequence, with delay time τ of 0.04 ms between the 90° rotation to transverse plane and the 180°

TEM measurements

TEM was performed on a Hitachi H7650 microscope operated at 80 kV on samples deposited at mass concentrations at around 1 g⋅L -1 onto copper grids by a lab-made spraying tool, and images were acquired on an ORIUS SC1000 11MPx Camera.

Transition Temperature Measurement

Transition temperatures (Tt), that are also often referred to as LCST, were determined by turbidity measurements at 350 nm between 20 and 80 °C at 1 °C•min -1 scan rate of ELPs in aqueous solution at different concentrations. Data were collected on a Cary 300 Bio UV-visible spectrophotometer equipped with a multicell thermoelectric temperature controller (Varian, Palo Alto, CA).

Magnetic and thermo-sensitive magnetic micelles

Materials and methods

The surface of IONPs (21ff or 32ff) was modified as follow. 113 mg of Beycostat NE was deposited in a 50 mL beaker. 15.0 mL of water was added and the solution was stirred with a mechanical agitator. 2.5 mL of a ferrofluid with an iron oxide concentration of 18.0 g•L -1 (45 mg of IONPs) was added to the surfactant. Then 2.6 mL of a 69 % w/w HNO 3 solution was added to reach a final HNO 3 concentration of 2.0 M. The solution was heated to 60 °C for 30 min with a water bath.

The nanoparticles were then sedimented over a permanent magnet and washed 3 times with 50 mL of methanol, before being dispersed in 45 mL of dichloromethane (DCM) or tetrahydrofuran (THF). The iron oxide content of this dispersion was estimated by dissolving 50.0 microliters of solution in 5.0 mL of 5.0 M HCl M with the help of a sonication bath. The absorption at 350 nm corresponding to the peak of the [Fe(Cl) 6 ] 3-complex was compared to a calibration curve. The final concentration was estimated at 6.0 g/L of Fe 2 O 3 .

IONPs were loaded in polymer micelles as follow. 1.0 mg of PEtG-DA-PEG5000 or Micelle-control was dissolved in 0.2 mL of THF. Meanwhile, IONPs modified with Beycostat (dispersed in THF with a concentration of 6.0 mg/mL) were mixed at different feed weight ratios (FWR) as needed with the polymer solution. This mixture was then added dropwise to 1.8 mL water via a micro-syringe while magnetically stirring. THF was allowed to evaporate by leaving the vials open for 24 h. 

Results and discussion

A thermosensitive polymer of poly(ethylene oxide)-co-poly(ethyl glyoxylate)-copoly(ethylene oxide) (PEG5k-PEtG50k-PEG5k) was received from the team of Elizabeth R. Gillies (Western University, Department of Chemistry, London, Canada). Their group already reported selfimmolative polymers based on PEtG, and studied their properties for drug-delivery applications. [15][16][17][18] The idea was to form magnetic polymersomes by incorporating hydrophobic iron oxide nanoparticles to the PEtG part of polymersomes' membranes. Degradations from de-polymerization of such objects were assessed using the DLS/MH set-up. Next, magnetic and thermo-responsive micelles were formed by incorporating magnetic IONPs to the polymer. IONPs were synthesized following the so-called polyol pathway, leading to nanoparticles with well-defined morphologies and magnetic properties. The IONPs were produced with a spherical morphology and an average diameter of 11.2±1.9 nm (21ff) or 14.5±3.4 nm (32ff).

They were well-suitable for magnetic hyperthermia (MH), with a specific absorption rate of 84 W•g -1 (or respectively 134 W•g -1 ) with our set-up (10.2 kA•m -1 , 755 kHz). The commercial Beycostat NE (NB09, CECA chemicals, France) was used to modify the surface of the nanoparticles and make them hydrophobic, in order to incorporate them with the polymers. Beycostat was grafted through its phosphonic acid anchor group in acidic conditions (2 M HNO 3 ). Solutions of polymer and suspensions of IONPs were stored in at -24 °C to prevent the evaporation of the solvents, to avoid changing the concentrations, and to prevent the polymer from degrading. DCM, DMSO and THF were tested to evaluate the best conditions of nano-precipitation. DCM was poorly miscible with water leading to two separate phases and no nano-precipitation. DMSO was miscible with water but had to be removed by dialysis. A screening of different parameters was carried out to determine the best conditions for the nano-precipitation and co-assembly of IONPs and amphiphilic copolymers. The optimized results

were obtained by following these conditions: IONPs were dispersed in THF and mixed at different feed weight ratios (FWR) with the polymer also solubilized in THF (Figure 5 a). This mixture was added dropwise to a volume of water with a micro-syringe while magnetically stirring. In all cases the final fraction of water was of 90 % and the polymer was at a final concentration of 0.5 g•L -1 . THF was allowed to evaporate by using a vacuum pump. Samples were considered stable in the range of FWR from 0 to 35 %. Dispersions could be stored for several days in a fridge without visible aggregation. Samples were deposited on TEM grids with a thin Holey carbon film from Pacific Grids TM in order to produce the largest electron contrast without using a stain.

Spherical objects with dimensions in the order of 100 nm were observed, spread homogeneously on the surface of the grid (Figure 5 b,c). The polymer was visible, forming a diffuse grey area in the periphery of the objects. Considering the morphology and the dimensions of the nano-objects, they were most probably micelles.

Samples with the highest FWR of 35 %, theoretically able to produce larger increases of temperature, were studied by DLS/MH (Figure 6). The measurements were carried as follow: the temperatures of the samples were allowed to slowly adjust to the temperature of the water bath for an hour. Then magnetic fields at maximum amplitudes of 10.2 kA•m -1 with a frequency of 755 kHz were applied. The heat generated by the sample led to a slight increase of temperature in the range of 2 °C.

The stimulation of the IONPs in the magnetic micelles by the magnetic field was lower than in the case of IONPs freely suspended in the solution. This could be interpreted by their strong interactions with the polymers, leading to a blocked state of their magnetic moments. They could relax only by the Néel and not by the Brownian mechanism. Nevertheless, the magnetic stimulus had an effect on the morphology of the magnetic micelles, leading to an increase of diameter in the case of the thermosensitive polymer, probably through an aggregation phenomenon. The scattered intensity also underwent a sharp variation upon application of MH. As the diameter increased the intensity was expected to increase, but we observed the contrary. Based on the experiments carried on non-magnetic micelles, we hypothesized that upon application of MH, the polymer degraded, leading to an overall reduction of the concentration of scattering species. Then the un-stabilized hydrophobic IONPs aggregated. This would explain both the behavior of hydrodynamic diameter and scattered intensity. In the case of the control non-thermosensitive sample, a similar elevation of temperature was recorded, but diameters and intensities remained relatively flat.

The thermal degradation of the thermosensitive micelles was also investigated by SANS (Figure 7). Micelles loaded with IONPs were prepared as previously described, with few changes to adapt to this other characterization technique. The IONPs (d TEM =10.5 nm) and the polymer were mixed in deuterated THF, and nano-precipitated in deuterated water to improve the contrast between the micelles and their solvent. Thermosensitive micelles (BO14) or magnetically loaded thermosensitive micelles (BO15, 35 wt. % iron oxide relatively to polymer) were prepared this way, at a concentration of 0.6 mg⋅mL -1 . The effect of long heating on the structure of the micelles was evidenced by comparing the SANS curves before and after heating at 80 °C in an oven for 30 min. The curves of the heat-treated micelles were not fitted by a model shape. Nonetheless, they can be interpreted by a drastic reduction of the volume fraction of suspended copolymer micelles, together with an increase of the size of the remaining objects (as ascribed to aggregation). This SANS experiment thus brings another evidence of the thermosensitivity of PEG5k-PEtG50k-PEG5k copolymer micelles that did not disappear when embedding IONPs in their core.

Magnetic and thermo-sensitive nanorattles

Nanorattles were received from the team of Markus Gallei (Technische Universitat Darmstadt, Ernst-Berl-Institute for Chemical Engineering and Macromolecular Science, Darmstadt, Germany).

They were synthesized from ferrocene-containing polymer precursors using semi-continuous emulsion polymerization and Stöber process protocols followed by thermal treatment. [19] This bottom-up strategy led to original structures for advanced ceramics with potential applications within fields of sensing.

Nano-rattles composed of hollow capsules of silica containing iron oxide and covered by a layer of poly(N-isopropylacrylamide) (PNIPAM) were received (Figure 8 The plotted curve had a sigmoidal shape presenting an inflexion point at around 35 °C. This confirmed the thermosensitive property of these particles, with a maximum variation of diameter from 30 to 37 °C. The sample dispersed in water at 0.2 wt% was concentrated by a factor 10 using centrifugation to generate sufficient variations of temperature when applying a radiofrequency magnetic field. The temperature of the bath was set at 30 °C to thermalize the sample at this baseline temperature. The sample was thermally insulated with bubble wrap to prevent the strong noise observed due to small variations of temperature over long times coupled with parasitic effects coming from the set-up. When the sample was thermalized, magnetic fields were applied for 20 min, followed by no magnetic fields for 30 min. This was repeated thrice to put in evidence the reproducibility of the experiment. The particles were stimulated by the magnetic field and generate heat, rising the temperature of the sample up to 30.6 °C as measured with an optical fiber probe (Figure 8 c). The temperature of the sample gradually lowered to 30 °C, the value set by the glass water-jacket, when no magnetic field was applied. Variations of diameters along temperature were observed, the higher the temperature, the lower the diameter ((Figure 8 d). This was consistent with the DLS Malvern experiment. It is worth noting that the variations of diameter were reversible. Larger variations under magnetic hyperthermia would be required to produce a stronger response of the thermosensitive PNIPAM shell. Two options would be possible: concentrating the sample or improving its heating 145 properties. IONPs synthesized by the polyol pathway and presenting strong SARs (as presented in the Chapter II) were sent for chemical modification. When the radiofrequency magnetic field was applied, heat was generated by the magnetic IONPs, resulting in an increase in temperature first in their direct vicinity, and then following diffusion of heat into the bulk solution, measured by the optical fiber (Figure 9 a). The magnetic microgels exhibited a volume transition as shown by the variations of their hydrodynamic diameter.

Magnetic and thermo-sensitive microgels

This system exhibited a high level of reversibility: when the radiofrequency magnetic field was switched off, the hydrodynamic diameter returned back to its initial value around 500 nm.

Concomitantly, a reversible variation of backscattered intensity was observed. Another way to represent the results of this experiment consists in eliminating the time variable that is plotting the diameter and intensity vs. temperature measured by the optical fiber. As shown on Figure 9 b, both the hydrodynamic diameter and the backscattered intensity were directly correlated to the macroscopic temperature measured by the optical fiber probe. The SAR of the microgels was estimated to be of 37 W•g -1 of iron oxide or 7 W•g -1 when considering the whole mass of material (polymer comprised).

Following this encouraging experiment empty microgels were received. They were obtained by precipitation copolymerization of oligo(ethylene glycol) methyl ether methacrylate, di(ethylene glycol) methyl ether methacrylate, oligo(ethylene glycol)diacrylate and methacrylic acid. They were loaded with IONPs produced by the polyol pathway (as presented in Chapter II) in order to improve the heating properties of the microgels under magnetic hyperthermia and their thermal response. To do so, IONPs with a SAR of 170W•g -1 and a diameter of 10 nm and microgels were simply mixed overnight. The magnetic microgels were imaged by TEM, and noticeable differences between samples could be observed (Figure 10). The IONPs were well visible and co-localized on the grid with the microgels. They were located on the periphery of the microgels, as they hardly diffuse through the cross-reticulated material. These images brought information about the density of the gels. A dense material resulted in a darker area of the image. Some micro-gels exhibited a gradient of density, with a dense core and a lighter periphery, while others exhibited homogeneous grey shades. These morphologies were clearly dependent on the polymers used for their precipitation polymerization.

These samples were measured by small angle neutron scattering coupled with magnetic hyperthermia to provide complementary information to the DLS coupled with magnetic hyperthermia. The samples were prepared in deuterated water to ensure a good contrast with the polymers of the microgels. They were heated by magnetic hyperthermia using similar amplitude and frequency as for the previous DLS experiment. Their neutron scattering patterns were analyzed, evidencing a change of conformation of the microgels under application of a magnetic field. This project is still ongoing as the data were extremely difficult to analyze and necessitated models to interpret the variations of scattering distances in the material, the density of cross-reticulation, the gradient of loading of IONPs, and gradient of density of the microgels. To the best of our knowledge, it is the first time that scientists coupled SANS with MH, making it a world premiere.

Iron oxide nanoparticles grafted with PDMAEMA

Superparamagnetic IONPs were prepared by the co-precipitation of ferrous and ferric salts, as described in the Chapter II. They were functionalized with an aminosilane using a sol-gel route, followed by addition of a hetero-crosslinker containing an azide. Finally the thermo-sensitive poly [2-(dimethylamino)ethyl methacrylate] (PDMAEMA) terminated with an alkyne was conjugated with the IONPs with an azide-alkyne cycloaddition reaction in a click-chemistry strategy. The solution behavior of PDMAEMA chains in water is known to be both thermo-and pHsensitive. Tertiary amines of the PDMAEMA chains (Figure 11 a) were characterized by their respective value of the logarithmic constant of dissociation (pKa). From the Henderson-Hasselbalch equation, it was possible to plot the relative percentages of both species, depending on solution pH. At pH lower than their pKa, amines were protonated, whereas they were un-protonated and un-charged at pH higher than the pKa of 9.5, as determined in Chapter III. This pKa value appeared relatively lower than usual for amines, but the proximity of charges along a polymer backbone was not thermodynamically favorable, and lowered the apparent pKa of PDMAEMA. It is also known from its Flory-Higgins phase diagram that PDMAEMA chains become insoluble in water above their cloud point and that this cloud point becomes lower when the polymer concentration increases, tending towards a limit called the "lower consolute transition temperature" or "lower critical solution temperature" (LCST). In the case of PDMAEMA, the cloud point critically depended not only on concentration but also on pH [22] and on the polymer length and architecture (linear vs. branched chains). [23] The This inflection point was located between 30 and 35 °C for the three grafted IONPs, which was close to the cloud point determined at 35 °C on a solution of PDMAEMA chains at 3 mg•mL -1 in pH 5 buffer (Figure 11 b). It was also close to the value of 38 °C reported in literature [22] for chains PDMAEMA of similar length (DP=85) at 1 mg.mL -1 but above the pKa (pH=11). Therefore it can be concluded that the thermal transition of the chains grafted at the iron oxide surface have a direct influence on the colloidal state of the core-shell IONPs. Usually an increase in derived count rate accompanies an increase of hydrodynamic diameter, the scattered intensity being proportional to the sixth power of the size of the IONPs (or aggregates) in the Rayleigh approximation. However, the present samples did not show any sign of aggregation and the evolution of hydrodynamic diameter with temperature was different depending on the iron oxide core sizes. It decreased by ∼10 nm for S1S2 between 15 and 50 °C, increased by ∼10 nm for C1S2, and remained almost constant for C1C2.

In comparison, the bare S1S2 cores without the thermosensitive shell exhibited both constant scattered intensity and hydrodynamic diameter over the whole temperature range. The increase in derived count rate for all the polymer-grafted IONPs was tentatively explained by the dehydration of the outer shell, resulting in stronger light scattering contrast and a higher intensity collected at either 90° or 173° from the incident laser beam.

In order to fully demonstrate that IONPs with a magnetic core and a thermosensitive PDMAEMA corona were required in order to obtain a variation of hydrodynamic size under a RF magnetic field, complementary experiments of in situ DLS under an applied RF magnetic field were carried on with non-thermosensitive and non-magnetic polystyrene latexes (Figure 13). For these particles, no increase of temperature was observed under an applied RF magnetic field, suggesting that no parasitic heating ascribed to Joule or eddy current effects occurred in the experimental system in the absence of magnetic IONPs. Apart from experimental noise, the recorded diameters and intensities were also constant over time for the application of different magnetic field intensities. The comparison of the results of in situ DLS under RF magnetic field of C1C2@AEAPTMS-AZ-PDMAEMA magnetic and thermo-sensitive IONPs, of C1C2@AEAPTMS, magnetic but not thermo-sensitive IONPs, and of non-magnetic and non-thermosensitive polystyrene latexes highlighted that the variations of hydrodynamic diameters observed in the first case were specific to the thermo-sensitivity of the polymer shell and to the magnetic field-induced hyperthermia. Regarding the variations of backscattered intensity observed for magnetic IONPs (without polymer) but not for non-magnetic latexes, this phenomenon could be ascribed to the magnetic dichroism (also called 'Faraday rotation') inherent of magnetic IONPs. Due to a direct coupling between the magnetic moments of the IONPs aligned by the magnetic field and their optical anisotropy axis when a longitudinal magnetic field was applied (i.e. oriented parallel to the incident beam), the polarization of light rotated by an angle θ F as measured in transmission through the sample or in reflection. This angle proportional to the field intensity could be as high as 15° cm -1 at 633 nm at high magnetic field (saturated moments) and changed in sign with the field direction. [28] Although we cannot exclude such direct influence of the magnetic field on the optical detection during in situ DLS measurement under RF magnetic field, we did not observe a variation of the backscattered intensity on any of the IONPs used under a static magnetic field. Another way to represent the results of these experiments involved the elimination of the time variable and the plotting of diameter and intensity vs. temperature measured by the fiber optic, for the PDMAEMA-coated and uncoated IONPs (Figure 14). This showed that both the hydrodynamic diameter (Figure 14 The system demonstrated a high level of reversibility; when the radiofrequency magnetic field was switched off, the hydrodynamic diameter returned back to its initial value around 82 nm.

Concomitantly, a reversible variation of intensity was also observed, with a short characteristic time (∼1.5 min). However, the backscattered intensity surprisingly decreased when the field was applied, which was contrary to what was expected from the off-line DLS curve vs. temperature (Figure 12 a).

Usually a destabilization of a colloidal dispersion induced large aggregates that scattered incoming laser light more intensely, because the scattered light intensity is proportional to the sixth-power of the diameter (in Rayleigh's approximation). Here the colloidal stability was ensured by electro-steric repulsion. Therefore the diameter increased (by 10 nm at most) could more likely be attributed to a decrease in the entropic component (present only when chains are swollen by water) and the IONPs remained stable due to electrostatic repulsions. The formed aggregates must also have been very loose;

otherwise the scattered intensity would have increased. Interestingly, the backscattered intensity showed rapid variations with applied magnetic field intensity, meaning that the intensity curve (B) had a characteristic time of ∼1.5 min comparable to the temperature curve (C) and was lower than the curve of diameter (A) showing few minutes of inertia.

Figure 15 a) Longitudinal r 1 (circles) and transverse r 2 (squares) relaxivities of protons for uncoated S1S2 control-IONPs (empty markers) and thermosensitive S1S2@AEAPTMS-AZ-PDMAEMA coated-NPs (filled markers). b) r 2 /r 1 relaxivity ratios for S1S2 control-IONPs (empty squares) and S1S2@AEAPTMS-AZ-PDMAEMA coated-NPs (filled squares). The solid lines are power law fits not based on a physical model.

Water proton relaxivity measurements were performed at different temperatures from 10 to 50 °C for samples containing uncoated S1S2 superparamagnetic IONPs and S1S2@AEAPTMS-AZ-PDMAEMA coated-IONPs. (Figure 15) showed a comparison of the results and the effect of the thermosensitive polymer shell. First, it was observed that the relaxivities obtained were similar to the ones exhibited at the clinical field of 0.47 T (frequency of 20 MHz) and physiological temperature by commercial superparamagnetic MRI contrast agents such as Ferridex ® (r 2 =98 s -1 mM Fe -1 and r 1 =24 s -

1 mM Fe -1
, r 2 /r 1 =4) or Resovist ® (r 2 =151 s -1 mM Fe -1 and r 1 =25 s -1 mM Fe -1

, r 2 /r 1 =6). [24] It is generally described in MRI textbooks that the r 2 /r 1 ratio determines whether superparamagnetic IONPs are best suited as positive contrast agents (with T 1 -weighted imaging sequences) or negative contrast agents (with T 2 -weighted imaging sequences). The solutions of the Bloch equations for the relaxation of the longitudinal (M z ) and transverse (M xy ) magnetization components to their equilibrium state indeed lead to a MRI signal that is proportional to the proton density of the solutions or tissues and to the product

�1 -𝑒 -𝑇𝑅 𝑇 1 ⁄ � • 𝑒 -𝑇𝑇 𝑇 2 ⁄
, where TR is the repetition or read-out time of the sequence, and TE the interecho time. Thus, the sample signal becomes brighter than pure water when T 1 relaxation is accelerated while the T 2 -effect is not already dominant (since the MRI signal is detected by an antenna in the transverse plane). Here, the uncoated magnetic IONPs with a relatively low ratio r 2 /r 1 =3 could be used as positive (T 1 -type) contrast agents, while the PDMAEMA-coated contrast agents presented a T 2 -type behavior at low temperature (r 2 /r 1 =6 at 25°C) that decreased above the LCST (r 2 /r 1 =4 at 50°C) (Figure 15 b). It is noteworthy that the r 2 /r 1 ratio remained relatively constant over the whole tested temperature range for the control uncoated IONPs, as both r 1 and r 2 decreased with temperature, but their thermal behavior was dictated solely by the variation of water diffusivity with temperature. [12] On the contrary, the r 2 /r 1 ratio varied by a factor greater than 2 for the PDMAEMA-coated IONPs, which proved that the temperature responsiveness of the shell was dominant. A similar two-fold decrease of the relaxometric ratio over an even more narrow temperature range (15°C) with liposomes encapsulating a paramagnetic compound was proposed by Terreno et al. to obtain an MRI response independent of concentration but dependent on pH or temperature. [25] In the studied case, the PDMAEMA shell was hydrated at low temperature and shrunk at higher temperature, particularly above the LCST. While the two samples were very different at 10°C (the coated and uncoated IONPs behaving respectively as negative and positive contrast agents), they became more similar at 50 °C.

Several studies have proven that partial aggregation of superparamagnetic IONPs is a means to increase their T 2 -type behavior. The fact that during the multiple steps of synthesis the colloidal stability of the IONPs was disturbed could explain this difference. For the thermal behavior, a simple explanation can be given in the context of the so called "outer sphere" mechanism. For superparamagnetic MRI contrast agents, r 2 is determined by three parameters only: [26] the specific magnetization M v , the internal magnetic volume fraction in the IONP, and the "relaxometric size", defined as the minimum approach distance between water protons and the surface of the MNP. In the case of the magnetic core-shell PDMAEMA-coated IONPs, these parameters were almost the same as for the uncoated particles when the polymer brush was swollen by water. However, when the polymer brush became dehydrated and collapsed at the surface of the iron oxide core, it formed a layer impermeable to water molecules, which at the same time lowered the average magnetization of the particle (since the polymer layer is not magnetic) and increased the relaxometric size, thereby lowering the transverse relaxivity r 2 in a greater extent than r 1 . To conclude, these iron oxide cores were wrapped by a PDMAEMA shell that was highly hydrated below the LCST and impermeable to water molecules above it, and behaved exactly like other thermosensitive MRI contrast agents recently described by Hannecartet al., with PDMAEMA instead of Jeffamine™ as a grafted thermosensitive brush. [12] In this section, the synthesis of magnetic IONPs comprising an iron oxide core and thermosensitive polymer shell exhibiting reversible size variation when subjected either to macroscopic heating or magnetic heating induced by a radiofrequency magnetic field was described. These PDMAEMA coated magnetic IONPs could be used as MRI contrast agents, with a transition from a purely negative (T2-type) contrast at low temperature to a less efficient T2-type contrast at high temperature but also potentially positive (T1-type), due to a lower r2/r1 relaxivity ratio. An experiment that enabled in situ DLS under RF magnetic heating by placing a fibre-based backscattering remotehead DLS as close as possible to the inductor coil of the MH generator was specially designed. The hydrodynamic diameters and the backscattered intensity of coated magnetic IONPs and of uncoated (control) IONPs were monitored on-line during the treatment with the RF magnetic field. It was found that the hydrodynamic diameter and the backscattered intensity correlated well with the macroscopic temperature changes measured independently by standard fiber optic thermometry. These results are promising as they show for the first time that the size variation of IONPs can be measured without switching off the magnetic field, which is important as the swelling/collapsing response time of a polymer brush has very fast kinetics. In the next work (Section 7), the RF magnetic field application was extended to higher powers via the replacement of metallic parts in the remote head of the DLS setup. This may enable further insights into the mechanisms of heat generation and dissipation by magnetic IONPs at the scale of the polymer shell, less than 10 nm. The temperature profile in the close vicinity of IONPs is an intensively debated question in view of the standardization and optimization of medical magnetic hyperthermia and magnetic-field triggered drug delivery. In addition, the same in situ DLS methodology can be applied to study other kinds of thermogenic NPs such as plasmonic NPs under visible or near-infrared illumination.

Iron oxide nanoparticles grafted with a single block (VPGIG) 20 elastin-like polypeptide

The (VPGIG) 20 (referred to as ELP 20 ) was the first ELP to be grafted onto IONPs during this project. Grafting conditions were then later improved for the grafting of the diblock ELP. The ELP (VPGIG) 20 is a relatively short ELP, with a molecular weight of 8.9 kg mol -1 (Figure 16 a), which would normally guarantee a transition temperature (Tt) above room temperature.

However, because of the highly hydrophobic isoleucine guest residue, the hydrophilicity of the overall bio-macromolecule was rather poor. This observation was in accordance with the pioneer work of Urry. [27] The (VPGIG) 20 Tt vs. concentration in PB was determined by measuring the optical density of the solutions at 350 nm using temperature trends. The results were normalized and plotted on a single graph (Figure 16 b). The cloud point was determined by the temperature at the onset of the curves. Tt values were reported as a function of concentration (Figure 16 c), and the experimental curve was perfectly fitted with the empirical equation established by Chilkoti et al.: [28] 𝑇 The parameters k, C c and T c could have been accessible by multivariate regression of a library of ELPs (VPGIG) L with different chain lengths L. It was not the purpose of this study. The ELP 20 was grafted onto IONPs with different grafting densities, as described in Chapter III Section III. The magnetic and thermosensitive properties of the resulting core-shell nanoparticles were then evaluated.

The very low Tt of the ELP 20 unfortunately impeded the characterization by DLS coupled with magnetic hyperthermia. The nanoparticles were thus only analyzed using a DLS Malvern instrument, meaning that the solutions were macroscopically heated thanks to an external heating/cooling system (Peltier). Measurements were carried from 5 to 35 °C in order to observe a variation over a large enough range of temperature (Figure 17). The resulting measurement of diameter versus temperature was quite surprising. On a simplistic point of view, the nanoparticles were expected to diminish in size as the brush of ELP was supposed to dehydrate over the Tt. Here the contrary was observed when increasing the temperature. Several hypotheses could be made to describe this phenomenon: the nanoparticles were stabilized only by steric repulsions, when the shell dehydrated, the brush collapsed, resulting in a loss of stability. Said differently, the ELPs underwent a change from swollen to dehydrated, meaning that the surfaces of the nanoparticles became hydrophobic. This loss of affinity toward the solvent resulted in a loss of stability, as the attractive forces (magnetic dipolar attraction, Van der Waals forces) overbalanced the repulsive forces (nearly non-existent electrostatic forces, steric stabilization). The increase of diameter would then not be attributed to the direct variation of the conformation of the brush which was collapsing but to its consequence: the aggregation of nanoparticles. The curves of diameter versus temperature had sigmoidal shapes. In general this system proved to be difficult to work with. The starting temperature of measurement of 5 °C was the lowest guaranteed by the manufacturer of the DLS instrument. A flow of gaseous nitrogen had to be used to fill the sample holder and prevent a condensation of water on the quartz cuvette. Samples rapidly proved to be unstable when stored at room temperature and had to be kept in the fridge or in an ice bath when transported. The chemistry was over-complicated and relying on a multi-step modification of the surface of the IONPs. The characterization was tedious, and the application uncertain. This first experience with ELPs helped develop a new convergent chemistry approach. New ELPs were tried out with di-block morphologies, allowing one block to undergo a conformation change while the other block kept stabilizing the IONPs. Also the Tt was selected to be more relevant for biomedical applications, at least superior to room temperature. These results are described in Section 8.

Iron oxide nanoparticles grafted with diblock ELPs

We next grafted diblock ELPs with the aim of obtaining IONPs for cellular internalization and cell death by MH. to provide colloidal stability to the resulting IONPs@ELP 40-60-Tat core-shell nanoparticles (Figure 18 a). The ELP sequence was preceded by a leader sequence (represented in red) featuring a cysteine residue that was used for the covalent conjugation onto IONPs. This ELP 40-60-Tat was also side terminated with a cell-penetrating (CPP) Tat peptide (represented in purple) to help the internalization of the IONPs in cells (results presented in Chapter IV). This CPP was derived from the transactivator of transcription (Tat) of human immunodeficiency virus (HIV). [29] IONPs used in this study were obtained following a polyol synthesis, leading to well-defined monocore morphologies and strong heating properties under an alternating magnetic field (AMF). The biofunctionalization of the magnetic IONPs cores with the diblock ELPs was achieved via a convergent strategy through the strong coordination bonding of a phosphonate group introduced near the N-terminus of the diblock ELP. 1), and thermalized with a glass water-jacket (2) while DLS measurements were carried out with a remote head collecting the scattered intensity at a 165° angle (backscattering) (3). b) The temperature of the sample (black diamonds) was measured while magnetic field intensity profiles were applied (green circles). c) Variations of the hydrodynamic diameters (intensity averaged)

were measured when the magnetic field was either on (red triangles) or off (blue squares). d) Hydrodynamic diameters were plotted against temperature when the magnetic field was either on (red triangles) or off (blue squares).

A radiofrequency power generator was connected to the induction coil (Figure 20 a). This generated a radiofrequency magnetic fields at a frequency f=755 kHz with a maximum field value of 10.2 kA⋅m -1 . Superparamagnetic IONPs were stimulated when radiofrequency magnetic fields were applied, and generated heat, rising the temperature of the sample from 20 °C up to 50 °C as measured with an optical fiber probe (Figure 20 b). The temperature of the sample could be controlled by adjusting the application time of magnetic fields, although the increase of temperature was limited by heat diffusion after few minutes (typically 5-10 min). This phenomenon was due to the non-adiabatic conditions of measurement. When no radiofrequency magnetic fields were applied, the temperature of the sample stabilized back to 20 °C, which was the value set by the thermalizing glass water-jacket.

Hydrodynamic diameters of IONPs in suspension were measured by DLS with a Vasco Flex TM backscattering remote head set-up. Variations of hydrodynamic diameters were observed during the experiment (Figure 20 c-d). They were ascribed to the thermosensitive property of the ELP* 40-60-Tat grafted on the surface of the IONPs. The heat produced by the IONPs under an AMF stimulus increased the temperature at the surface of the nanoparticles, and the shell dehydrated leading to a decrease of hydrodynamic diameters down to 34 nm. The hydrodynamic diameter slowly recovered to a baseline value of 37 nm along with temperature when no magnetic field was applied. Three cycles of measurement were successively performed to evidence the full-reversibility of this phenomenon.

Plotting these variations of hydrodynamic diameter vs. temperature removed the time-dependence of the data (Figure 20 d). These variations could be plotted against temperature (Figure 20 dehydrated, the hydrophilic part being still swollen by water giving them steric stability at higher temperatures (Figure 21).

The magnetic hyperthermia coupled with DLS measurement was performed on samples at different reduced tethered densities Σ (Figure 23 a-d). These variations are reported in (Figure 23 e), which was constructed by averaging the diameters corresponding to the 10 lowest and 10 highest temperatures measured for each sample (Figure 22) and reporting these values as a function of Σ. The diameters at low and high temperature increase with the reduced tethered density, in accordance with the polymer physics model. [31][32][33] Indeed, as ELP* 40-60-Tat chains were tethered at higher grafting densities, the chains stretched, and the grafted layers changed from the mushroom to brush regime.

Higher amplitudes of variation of diameters were also observed at higher Σ.

Figure 22

The Z-average hydrodynamic diameters of bare IONPs and grafted IONPs@ELP* 40-60-TAT (Σ=3.9, Σ=6.0, Σ=10) are plotted against temperature when the magnetic field is either on (red triangles) or off (blue squares). Intensities were also measured depending on the application of AMF. No noticeable variations of intensity were observed for the bare γ-Fe 2 O 3 IONPs at field on (Figure 24 a), but for the grafted IONPs@ELP* 40-60-Tat intensities increased when applying a field (Figure 24 b-d). This increase could not be ascribed to an aggregation phenomenon because the diameters of the samples diminished upon application of an AMF. Another interpretation would be that when heated, part of the ELP* 40-60-Tat brushes dehydrated, leading to densification of the shells. This increase of contrast with the solvent explained the increase of backscattered light. regime of transition that was equivalent to the one observed during DLS/MH. These phenomena could be ascribed to the differences of diffusion of protons of water at the surface of the magnetic IONPs (Figure 25 g). The variations of conformation of the brush and its interactions with the molecules of solvents could be evidenced and confirmed using two different techniques. These variations of magnetic signal as a function of temperature could be used to produce thermosensitive nanoprobes for MRI. This would allow a 3D mapping of temperature in tissues of interest, which would help monitor the generation of heat by magnetic hyperthermia, either in a sequential mode, or simultaneously.

According to literature, this was the first time that a core-shell structure of IONPs grafted with a thermosensitive ELP was reported. The resulting core-shell structure presented both magnetic and thermosensitive properties, which were evidenced by heating the dispersions under MH and measuring the variations of temperature with an optical probe and observing the variations of hydrodynamic diameters in situ with a DLS set-up. Such equipment provides a promising platform for estimating the response of magnetic IONPs to application of a radiofrequency magnetic field or for understanding the behavior of other types of thermogenic NPs. The quantity of macromolecules added at the surface of the IONPs was controlled in order to tune the grafting density and thickness of the brushes.

Amplitudes of variations of diameters observed by DLS/MH were directly correlated to the thicknesses of the brushes. This system was further investigated as a drug delivery agent by encapsulation of hydrophobic drugs in the shell and release under magnetic stimulus.

Study of iron oxide nanoparticles grafted with a diblock ELP as drug delivery agents

We previously showed that brushes of IONPs@ELP* 40-60-Tat underwent swelling/deswelling transitions triggered by magnetic hyperthermia. With the aim of benefiting from this phenomenon, we encapsulated a drug to study the potential application of the IONPs@ELP* 40-60-Tat as drug carriers.

Materials and methods

60 uL of a 0.1 mg•mL -1 stock solution of Dox in Tris (corresponding to 6μg) was added in a 1.5

mL Eppendorf centrifuge tube. Various volumes of a 15.2 0.1 mg•mL -1 stock solution of IONPs@ELP* 40-60-Tat were added, from 0 to 40 μL, corresponding to a range of 0 to 600 μg, equivalent to a range of feed weight ratios of Dox from 0 to 10 %. Dox was let to incubate for 2 h at 20 °C, 1000 rpm in a ThermoMixer© (Eppendorf). Volumes were finally completed to 1 mL with Tris, and dispersions were centrifuged at 20 °C for 30 min at 18000 g. The fluorescence of supernatants (100 μL) were then measured (λ exc =485 nm, λ cut-off =515 nm, λ em =590 nm) and compared to standard curves.

5 mg of IONPs@ELP* 40-60-Tat were incubated with 0.04 mg of Dox (FWR=0.8 %) and collected in conditions previously described. They were redispersed in 1 mL of Tris, added in a dialysis tube with a MWCO of 20 kDa, and immersed in a 50 mL Flacon tube filled with 20 mL of Tris. The solutions were then thermalized with a water bath and/or magnetic hyperthermia was applied. 100 μL of solutions were taken at regular time intervals for fluorescence measurement, while 100 μL of Tris were added to keep a constant volume. IONPs@ELP* 40-60-Tat and Dox were incubated in Tris buffer. Different feed weight ratios (FWR) were obtained by keeping the concentration of Dox constant while varying amounts of added IONPs@ELP* 40-60-Tat . The suspensions were pelleted by centrifugation, and the fluorescence of the supernatants was measured, allowing an indirect titration of the loaded Dox. Quantification of Dox loading was given through the loading efficiency (LE), and the loading content (LC). These features were calculated according to the following equations:

Results and discussion

FWR (%) = 𝑤 2 𝑤 3 × 100 LE (%) = 𝑤 1 𝑤 2 × 100 LC (%) = 𝑤 1 𝑤 1 + 𝑤 3 × 100
Where 𝑤 1 was the amount of entrapped Dox in IONPs@ELP* 40-60-Tat nanoparticles, 𝑤 2 and The cumulative Dox release was assessed in "sink boundary conditions", [36] meaning that the volume of solution containing Dox encapsulated in IONPs@ELP* 40-60-Tat was negligible compared to the volume of the solvent in which Dox was released. The temperature of the sample was regulated by sequential application of magnetic hyperthermia, with a setpoint value of 43 °C (Figure 28 a).

Cumulative Dox release profiles from a sample that underwent magnetic hyperthermia and a sample that was thermalized in a water bath were compared (Figure 28 b). A first observation is that the kinetics of release was slow; several hours were needed to see an inflection of the curves. This limitation probably came from the method selected to measure the release by dynamic dialysis using a semi-permeable membrane. This system is the most common method for the determination of release kinetics from nanoparticle drug delivery systems. [37] However, it cannot represent fast release kinetics because of the process of diffusion of Dox through the volume of solvent and the transport issue of Dox across the dialysis membrane. Nonetheless, at equal temperatures, MH induced a faster release profile, and larger cumulative releases. Also, it could be worth adding a second control temperature at 37 °C to gain more insight on the benefits of MH in the scope of drug release applications.

Conclusion

Magnetic and thermosensitive nano-objects find interesting applications as drug delivery agents. Different strategies were used to make and/or study these objects, thanks to collaborations with other laboratories. Magnetic and thermosensitive micelles were successfully obtained by nanoprecipitation of IONPs and cleavable PEG5k-PEtG50k-PEG5k. Their degradation was studied with a prototype DLS/MH apparatus. Magnetic and thermosensitive nanorattles of IONPs, silica and PNIPAM were received and proved to undergo a well-reversible variation of swelling/dehydration under application of a magnetic field. Thermosensitive microgels were loaded with IONPs and their volume transition was evidenced. Thermosensitive ELP* 40-60-Tat and PDMAEMA were grafted at the surface of the IONPs leading to core-shell structures. The shell of these structures exhibited changes of conformation, so that the most advanced systems could be studied both my NMR and DLS/MH. All these systems differed in terms of chemical composition, synthesis and structure. They were representative of the variety of existing strategies to produce micelles, microgels, or core-shell structures. They were all relying of the application of a magnetic field as an external stimulus to trigger their thermosensitive properties, with a prospective application as drug carriers. According to literature, this is the first time that a brush of recombinant ELPs grafted onto magnetic IONPs was studied. High temperature variations of the sample (up to 30 °C) could be obtained in few minutes by applying an AMF. Fast size changes of the thermosensitive and magnetic IONPs@ELP* 40-60-Tat were measured in situ by DLS when rising the temperature of the sample, with highly reproducible results.

The hydrodynamic sizes corresponded to the ones calculated in a model of an iron oxide hard core grafted with a swollen or dehydrated brush shell. The potential application of IONPs@ELP* 40-60-Tat as drug nano-carriers was studied. They could moderately load up to 20 doxorubicin anti-cancerous agent molecules per nanoparticle and released them under magnetic hyperthermia. This biocompatible system provided an interesting coupling of magnetic and thermosensitive properties that could find applications in magnetic hyperthermia cancer treatment, drug delivery therapies and as MRI contrast agents.

Introduction

Cancer is a major cause of death in developed countries and the second cause of death in Europe and USA. [1] Among the different types and locations of cancer, malignant brain tumors show lower incidence as compared to the more common breast, prostate or liver cancers. The annual global age-standardised incidence of brain cancers are 2.6 and 3.7 per 100,000 individuals, for females and males respectively. [2] However, brain tumors of high grade (glioblastoma) are aggressive and have very poor prognosis. They are exceedingly complicated to treat due to their deep implantation in the cranial cavity, limiting the ease of treatment, and to the vital role of the brain limiting tumour resection by surgery. Patients suffering from glioblastoma have a median survival of 14 months, [3] with survival chance depending on various parameters, such as size and location of the tumour, patient age, and administrated treatment. [4] Standard existing solutions to treat cancers by resection, radiotherapy and chemotherapy have to be combined into a multi-modal treatment with generally poor prognosis, and marginal benefits. [3,4] In search for a more efficient cure, magnetic hyperthermia (MH) coupled with conventional radiotherapy proved to be a promising alternative, which is well-tolerated by the patients, and with little to no side effects. [5] In a phase 3 clinical trial, these combined methods of thermal ablation and X-rays were able to prolong the median survivability from 14.6 months to 23.2 months. [6] They have therefore been authorized in the clinics. In parallel, different pre-clinical models were developed to test the conditions of MH application in vitro on different cell lines or in vivo on small animals (mostly rodents). Emphasis was placed in particular on the type of magnetic nanoparticles used to generate heat and on the characteristics of the alternating magnetic field (AMF). [7] Magnetic iron oxide nanoparticles (IONPs) are in this sense promising internal heating agents for magnetic hyperthermia, due to their inherent biocompatibility and because they can reach sufficiently high values of specific absorption rates (SAR) to elevate temperature up to 51.2 °C in glioblastomas by intra-tumour injection. [6] The present study aims at comparing the efficacy of two morphologies of IONPs (monocore vs multicore) for treating human glioblastoma cells in vitro. Among the different synthesis pathways yielding IONPs (alkaline co-precipitation, hydrothermal treatment, thermal decomposition etc.), [8] we chose in this study the polyol route introduced by Caruntu et al. [9] as this synthesis is robust, upscalable and enables producing either monocore or multicore IONPs: the latter are among the synthetic IONPs with the highest reported SAR values, of ∼1 kW⋅g -1 or more, [10][11][12] yet at moderate AMF conditions out-passing the "Brezovich criterion" on the product of AMF frequency and intensity by a factor ∼10 only (𝑓 × 𝐻 < 5 • 10 9 A•m -1 •s -1 ), as proposed by Dutz and Hergt. [13] The surfaces of these two types of IONPs were functionalized with a dense polymer brush of poly(ethylene glycol) (PEG) as a stabilizer for bringing longer blood circulation lifetime in vivo. In the present study, the near infrared (NIR) fluorescent dye DY700 that is stable under in vitro conditions and has low cytotoxicity [14] was also grafted using the phosphonate pre-functionalisation strategy in order to easily track the IONPs incubated with cells.

Monocore and multicore nanoparticles were studied in vitro using a U87 human glioblastoma cell line, genetically modified to overexpress the bioluminescent reporter gene firefly luciferase (Fluc).

The bioluminescence property of the cells was used to provide a convenient way to monitor the time course of cell viability by bioluminescence imaging (BLI) and to quantify the IONPs' performances in terms of magnetically-induced toxicity. [15,16] The internalization pathway was studied both by transmission electron microscopy (TEM) of cell microtomes and by confocal laser scanning microscopy (CLSM) of living cells, evidencing that the IONPs were internalized inside intracellular compartments, more precisely in lysosomes. The quantities of IONPs internalized inside the cells for several conditions of incubation were determined by flow cytometry and fluorescence imaging,

showing good correlation with IONP concentration during incubation. Their efficiency to induce U87 glioblastoma cell death by MH was assessed by bioluminescence imagining (BLI), as luciferase expression is ATP-dependent and thus serves as a quantitative and direct read-out of cell viability. [17] We evidenced noticeable differences between monocore and multicore IONPs, regarding their internalization and the magnetically-induced cytotoxicity effects.

Materials and methods

Surface modification of monocore and multicore iron oxide nanoparticles

Magnetic iron oxide nanoparticles were synthesized by the polyol route, adapting the reaction conditions reported by Caruntu et al., i.e. by adding controlled fractions of water in the polyol reaction medium to drive the morphology of the IONPs obtained, as reported recently by our group. [12] Monocore IONPs from the polyol batch 32ff and multicore IONPs from the polyol batch 35ff were selected for this study. NHS-ester modified DY700 fluorescent probe (Dyomics, Germany) was reacted with 1.5 eq. of 2-aminoethylphosphonic acid (AEP) (Sigma Aldrich) in DMSO for 24 h at room temperature and under orbital agitation, before long-term storage at -20 °C (later referred to as DY700*). Poly(ethylene glycol) methyl ether thiol (mPEG-SH, average molar mass M n =6000 g⋅mol -1 , Sigma Aldrich) was reacted with 1 eq. of tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (98%, ACROS Organics) in 50 mM phosphate buffer (PB) pH 7.4 for 24 h to reduce the disulfide bonds between (mPEG-S) 2 dimers, leading to reactive thiols. In parallel, 5 eq. AEP was reacted with 1 eq. Nsuccinimidyl 4-maleimidobutyrate (GMBS, TCI Europe) in PB for 24 h in an ice bath. Both solutions were then mixed and let to react for 24 h, and finally purified by dialysis against milliQ water for 72 h, using a 5 kDa membrane, and replacing 6 times with milliQ water (later referred to as PEG*). 1 % w/w equivalents of DY700* were then grafted onto IONPs in water acidified to pH=2.5 with dilute nitric acid. After 1 h, 30 % (16 %) w/w of PEG* was added to the dispersion of mono-core (multi-core) IONPs. These proportions lead to theoretical grafting densities of 𝜎 = 1 𝐷 2 = ⁄ 0.64 molecular chains per nm 2 or reduced tethered densities 𝛴 = 𝜋𝑅 G 2 𝐷 2 ⁄ = 15 according to our calculations, using scaling laws reported by Devanand [18] (𝑅 G (nm) = 0.0215 • 𝑀 n 0.583 ) or by Le Coeur et al. [19] (𝑅 G (nm) = 0.066466 • 𝑀 n 0.45224 ), which are different but both lead to the same value 𝑅 G = 3.4 nm for PEG 6,000 g⋅mol -1 . After 2 h of reaction, the pH was neutralized by Tris 50 mM and the solutions were purified from the excess of PEG* and DY700* by 3 cycles of centrifugation-redispersion (18,000 g, 1 h at 25°C, 30 min at 1°C to increase viscosity and avoid pellet dispersion before removing the supernatant).

Cell line generation and culture

U87 human glioma cell line was procured by the American Tissue Culture Collection (ATCC, Manassas, Virginia). The bioluminescent U87-CMV-lucF cell line generation was previously reported. [16] 

Incubation of cells with iron oxide nanoparticles

Cells (5000 cells per well) were plated in 16-well Nunc™ Lab-Tek® microscopy chambers (Thermo Fisher) 24 h before experiments. They were then incubated with 100 µL of determined concentrations of IONPs (0, 100, 200, 300, 400 or 500 µg⋅mL -1 ) in supplemented DMEM for 24 h.

They were finally washed with 2 times 100 µL of PBS and 100 µL of fresh supplemented DMEM.

Laser scanning confocal microscopy

Cells (22,500 cells per well) were plated in 24-well plates 24 h before experiments and then incubated with IONPs conjugated to the NIR fluorescent probe DY700 (Dyomics GmbH) for 24 h at 100 μg⋅mL -1 . They were washed with PBS, and their nucleus was stained with the blue fluorescent probe Hoechst 33342 (Thermo Fisher Scientific) at a concentration of 2 μg⋅mL -1 for 5 min at 37 °C.

Finally, the lysosomes were specifically tagged with the green fluorescent probe Lysotracker™ at a concentration of 100 nM for 1 min at RT. The cells were harvested with trypsin for 5 min at RT, suspended in PBS and centrifuged for 5 min at 300 g. They were re-suspended in 200 μL of PBS-EDTA 2 mM supplemented with 0.5 % of FBS, and kept on ice to prevent adhesion, before visualization. Laser scanning confocal microscopy images were acquired on an inverted Leica TCS SP5 microscope equipped with an HCX PL APO 63× NA 1.4 oil immersion objective in fluorescence mode. Samples (≈15 µL) were injected in a homemade chamber that was sealed to prevent evaporation. The laser outputs are controlled via the acousto-optical tunable filter and the three collection windows using the acousto-optical beam splitter and photomultiplicator detectors as follows: Blue Hoechst 33342 was excited with a laser diode at 405 nm (3%) and measured with emission setting at 410-510 nm, green Lysotracker™ was excited with a DPSS diode at 561 nm (50%) using a window at 570-650 nm and red DY700 was excited with a Helium-Neon laser at 633 nm (80%) using a window at 640-770nm. LSCM images were collected using the microscope in sequential mode to avoid overlapping of the emissions between the channels with a line average of 4 and a format of 1024×1024 pixels. The transmission mode images were provided from the Helium-Neon laser at 633 nm (10%). PMT gain and offset configurations were set up on control cells so as to correct images from green and red auto-fluorescence.

Flow cytometry

Cells (22,500 cells per well) were plated in 24-well plates 24 h before experiments and then incubated with 450 µL of determined concentrations of IONPs@PEG* (0, 100, 200, 300, 400 or 500 µg⋅mL -1 ). After 24h incubation, the cells were washed 2 times with PBS, harvested with trypsin and washed with PBS. Cells were re-suspended in 200 μL of PBS-EDTA 2 mM supplemented with 0.5 % of FBS and analysed by flow cytometry using a BD FACS Canto™ setup (BD Biosciences). Samples were analysed using an excitation laser at 633 nm, absorption with the APC-Cy7 canals at 680 nm, the forward scatter channel (FSC) voltage being fixed at 160 V and the side scatter channel (SSC) voltage fixed at 160 V.

Fluorescence and bioluminescence imaging

Fluorescence and bioluminescence imaging (BLI) was performed at Vivoptic (UMS 3767 -Univ. Bordeaux) by using a Lumina LT instrument (Perkin Elmer Inc., Boston, MA, USA). For BLI, the cells were incubated for 5 min with a 0.6 mM solution of D-luciferin in PBS (Promega, Madison, WI, USA). Bioluminescence images (1 min, 4×4 binning) and photographs (100 ms) were acquired successively. Fluorescence reflectance images (FRI) (1 s, excitation at 640 nm, 695-770 nm filter emission, 4×4 binning) and photographs (100 ms) were acquired successively. Images were analyzed using Living Image software.

Transmission electron microscopy

Glial U87 cells were cultivated on 16 

Magnetic hyperthermia

The applied radiofrequency AMF was generated using a DM3 applicator for in vivo magnetic hyperthermia (nB nanoScale Biomagnetics, Zaragoza, Spain). Cells were thermalized at 37.5 °C using a water bath connected to a water tubing jacket. The temperature of the sample was monitored using a fibre optic sensor (OTG-M420, Opsens™, Québec city, Canada). The alternating magnetic field was set on a frequency of 473 kHz, 12 kA⋅m -1 of amplitude, and applied for 30 min. The cells were put back in the incubator at 37 °C / 5 % CO 2 and observed by bioluminescence and fluorescence imaging 24 h later. Monocore and multicore IONPs were synthesized by the forced hydrolysis route in a mixture of polyol and poly(hydroxy)amine with controlled addition of water during the reaction, as previously described in Chapter II. [12] The batches of monocore (Figure 1 a) and multicore (Figure 1 

Results and discussion

b)

IONPs selected for this study presented specific SAR of 134 and 265 W⋅g -1 , respectively, in the AMF conditions used (755 kHz, 10.2 kA⋅m -1 ) (Figure 1 c). Their surface was chemically modified by grafting 6,000 MW PEG chains in order to provide steric repulsion and ensure colloidal stability in physiological media (Figure 1 d). The PEG was primarily modified at one end by introducing a phosphonic acid anchor group, which was subsequently used to tether the chains at the surface of IONPs in a single reaction step. The number of PEG* chains per IONP was adjusted to form a dense repulsive brush. A NIR fluorescent probe (DY700, Dyomics GmbH, Jena) was simultaneously grafted at the IONP surface using a similar strategy. The ratio of PEG* to IONP was calculated to form a dense layer. In order to obtain a grafting density sufficient to reach the "brush regime" so that the tethered chains were neither too far from each other ("mushroom regime") nor too extended, we used the criterion established by Brittain and Minko [20] comparing the chain-to-chain distance D between the grafting points to the gyration radius R G of the free chains in solution through the reduced grafting density 𝛴 = 𝜋𝑅 G 2 𝐷 2 ⁄ . In this dense brush regime defined by 𝛴 > 5, [20] the IONPs were stabilized by maximal steric repulsions. [21] or by fluorophore/fluorophore self-quenching due to a local high concentration. For this reason, the amount of dye to be grafted at the surface of the IONPs was carefully evaluated and the optimum quantity was used, both to guaranty sufficient fluorescent signal for detection and to keep the surface hydrophilic by not covering it too much with a hydrophobic molecule. Using a spacer to increase the distance between the surface of the IONPs and the fluorophore and the distance between fluorophores could have been another option. On the other hand, the DY700* conjugation very close to the surface prevented its interaction with the environment of the IONPs@PEG* when studying their interaction with cells. The maxima were respectively at λ exc =650 nm for excitation and λ em =700 nm for emission (Figure 2 a-b). These values of absorption and emission were in the near-infrared (NIR) spectrum, which was in the range of minimum absorption of both the biological environment and of the IONPs that strongly absorbed the shorter wavelengths. The fluorescence signal as a function of quantity of IONPs@PEG* could be quantified to build a standard curve (Figure 2 c-d). The fluorescence of the DY700-labelled IONPs@PEG* uptaken by the cells was also detected directly on the culture plates by the non-destructive fluorescence reflectance imaging (FRI) technique that is complementary to flow cytometry and corresponds to a spatial visualization of the fluorescence signal on a camera. As for flow cytometry, 6 different conditions of incubation during 24 h at increasing IONPs@PEG* concentrations were experimented (Figure 3 a). The fluorescence signal in each well was relatively homogeneous, as the cells were spread over the whole surface available.

Interaction of nanoparticles with U87 glioblastoma cancer cells

Observation of nanoparticles-cells interactions by fluorescence imaging

Visually, the fluorescence intensity of cells incubated with multicores was higher (Figure 3 c) than with monocore IONPs@PEG* (Figure 3 b). The average fluorescence signal for each incubation condition was quantified by using a region of interest (ROI) selection tool. This plot showed (Figure 3 d) a signal initially proportional to the IONPs@PEG* concentration during incubation before plateauing. Like in flow cytometry results, the multicores (squares) exhibited higher cellular internalization as compared to the monocore ones (circles). This intensity of FRI signal could be correlated to the quantity of IONPs@PEG* internalized in the cells using calibration curves: These are reported in Figure 2 for multicore morphologies, the intensity of signal being fitted by a power law of the quantity of IONPs@PEG* expressed in µg per well. In both flow cytometry (Figure 4 j) and FRI (Figure 3 d), fluorescence signals reached a plateau which would indicate a saturation of the cells with IONPs@PEG*. However, when plotting the total quantity of IONPs@PEG* up-taken by cells in each well versus the concentration during incubation (Figure 3 e), a more linear relationship was obtained than expected from the raw fluorescence levels, after taking into account the calibration curves well-fitted by power laws for both morphologies. The plateaus observed in the fluorescence levels measured by the two methods were therefore more likely ascribed to signal self-quenching rather than to saturation of the cells with IONPs@PEG*. Considering the constant number of 5000 cells per well, the IONPs@PEG* mass up-taken per U87 cell after 24 h incubation at 500 µg⋅mL -1 corresponded respectively to ∼300 pg/cell for monocores and ∼800 pg/cell for multicores, which was larger than the 40 pg/cell value reported in the pioneering work by Wilhelm et al. on IONP endocytosis in the HeLa cell line. [22] However, when taking into account the difference of IONP diameters (8.7 nm for the work of Wilhelm et al., 14.5 nm for the monocores and 29.1 nm for the multicores here, the calculated up-taken numbers were approximately the same: 23, 38 and 12 million of IONPs@PEG* per cell, respectively.

Observation of nanoparticles-cells interactions by bright field microscopy and flow cytometry

The cells incubated with monocore or multicore IONPs@PEG* were detached from the surface of the culture plate for flow cytometry analysis. Under optical bright field microscopy, the cell membrane, nuclei membrane and nucleolus were visible for the control U87 cell, along with smaller un-resolved structures in the cytoplasm (Figure 4 a). Spherical structures with high contrast appeared when the cells were incubated with either monocores (Figure 4 b) or multicores (Figure 4 c). These structures are most probably lysosomes encapsulating the IONPs@PEG*, leading to dark-colored objects. The observation of these microscopic structures was complemented by flow cytometry that analyses large numbers of cells and reports the results in a statistical manner. The 2D multi-parametric plot represents both the forward scatter channel (FSC) which is proportional to the cell size, and the side scatter channel (SSC) representing the granularity and structural complexity inside the cells. Control U87 cells (Figure 4 d) and U87 cells incubated with monocore IONPs@PEG* ((Figure 4 e) exhibited similar 2D dot plots, while U87 cells incubated with multicore IONPs@PEG* (Figure 4 f) had a broader and larger distribution of SSC values. This means that in all three cases the size of the cells was relatively identical, as confirmed by bright field microscopy, while the internal granularity of the U87 cells incubated with multicores was more complex, leading to a stronger side scattering of the laser light. Comparison of flow cytometry 2D plots indicated a higher internalization of multicores as compared to monocores, with possibly a higher density of lysosomes. The total fluorescence intensity of each of the cell cultures was defined by using polygon gate selections on the 2D plots, measuring the signal of each individual cell and reporting the counts on single-parameter histograms (Figure 4 gi). Finally the plot of the integrated fluorescence signal versus the IONPs@PEG* concentration evidenced that the U87 cells exhibited low auto-fluorescence level and behave as a single homogeneous population on the selected polygon gates. U87 cells incubated with increasing concentrations of IONPs@PEG*s exhibited a strong fluorescence signal. In addition, the histogram representing single populations hinted that the internalization happened in small fractions, and that all the cells incubated with IONPs@PEG* have internalized them as they were all fluorescent. The integrated fluorescence levels of samples at different IONPs@PEG* concentrations during incubation (Figure 4 j) showed a linear behavior, until reaching a plateau value. Larger quantities of nanoparticles were internalized by cells at higher incubation concentration. This plot also evidenced around four-fold higher internalization of the multicores as compared to monocores at a given concentration during incubation. The same ratio was found between the plateaus of IONPs@PEG* mass internalized per cell, for both types of morphologies.

Observation of nanoparticles-cells interactions by confocal microscopy

The interactions between cells and IONPs@PEG* were investigated, using a U87 human glioblastoma cell line, genetically modified to overexpress a bioluminescent reporter gene (Fluc) under the transcriptional control of constitutive CMV promoter. The luciferase expressed by cells is an enzyme which catalyzes D-luciferin oxidation to produce photons. Emitted light is correlated with the dioxygen-and ATP-dependant activity of luciferase which is itself correlated with cell viability (O 2 and ATP content) and cell numbers (luciferase amount) in the samples. [17] Following addition of Dluciferin in the culture medium, light emission was monitored non-invasively, by bioluminescence imaging. This property was later used as a viability assay when evaluating the effect of IONPs@PEG* on cells under magnetic field hyperthermia. The treated cells were incubated with nanoparticles for lysosomes were visible. The red fluorescence spots of IONPs@PEG* were exclusively co-localized with the green fluorescent signal from lysosomes resulting in yellow fluorescent spots, a colocalization technique used by Connord et al. to prove the utmost important role played by lysosomes in intracellular MH. [23] This further suggested that the degradative enzymes contained within the lysosomes were unable to alter the fluorescence signal of the DY700* probes. The U87 cells were also analyzed by transmission electron microscopy (TEM) to observe the sub-cellular localization of the IONPs@PEG*, giving histological cross-sections at much higher resolution than confocal microscopy (Figure 8). The microstructure of the cells was well observable thanks to the small thickness of the sample section (65 nm) and staining with an osmium complex to enhance the contrast. Compartmentalization being the main feature of eukaryotes, various membranebound organelles were revealed inside the cytoplasm. The cell-membrane, the mitochondria, the nuclear membrane, nucleus and nucleolus were easily recognizable from their specific morphologies and localization. The structure of the cell was bipolar, with a nucleus on one side and the organelles on the other side, while large portions of cytoplasm were left without apparent content. U87 cells incubated with monocore (Figure 9 a-c) or multicore IONPs@PEG* (Figure 9 d-f) were imaged after microtome preparation. This observation by TEM correlated well with the data obtained by flow cytometry: in both cases the sizes of the cells were similar, only the granularity and the complexity of the microstructures inside of the cells appeared differently.

Observation of nanoparticles-cells interactions by transmission electron microscopy

The internalization pathway could be observed on three micrographs (Figure 10 a-d). They offered a glimpse of the different stages when IONPs@PEG* entered inside the cells. Several IONPs@PEG* were found outside of the cells, whereas the preparation of the sample for TEM required several washes, and IONPs@PEG* outside of cells were visible only in the close vicinity of the cells. This suggested that there was already an interaction between the cell surface and the IONPs@PEG*, likely via decoration by the IONPs@PEG* of polysaccharide chains linked to the plasma membrane (glycocalix). The morphology adopted by the plasma membrane was similar to the macropinocytosis or phagocytosis pathways described in most popular reviews or textbooks, [24] with the membrane maximizing its contact with the IONPs outside of the cells by deforming itself and reaching out of the cell boundaries to engulf the nanoparticles together with a volume of the outer aqueous medium. [22,25] This explained also why clear spherical structures having the same electron contrast as the outer medium of the cells were observed close to the inside of the membrane, while darker ones were observed closer to the nucleus, suggesting that the endocytic compartments traveled from the boundaries of the cell towards its centre, becoming more and more dense along the process. [26] In each case, the morphology and size of the IONPs@PEG* were not modified inside the cells, meaning that the reported mechanisms of IONP degradation and iron metabolising did not start to occur within the 24 hour incubation period. [27] reasons. The first reason was the higher internalized quantity of the multicore IONPs@PEG*, as observed by TEM, confocal microscopy, fluorescence imaging, and flow cytometry. Such higher mass of internalized heating agents led theoretically to higher elevation of temperature, although a real temperature increase inside the cells induced by MH is still a subject of debate in the community, due to their too small size for the heating power to compensate the dominant thermal losses into the surrounding environment. [28] Non-thermal effects were also hypothesized to contribute to the cytotoxicity in cellular MH, like for example a direct mechanical destabilization of the cell membranes (the plasma membrane during IONP internalization and later the lysosome membrane): Also called "nanoflowers" as ascribed to their morphology, multicore IONPs@PEG* exhibited a pronounced surface roughness that might have caused membrane deformation and tearing, when comparing the high magnification TEM view of lysosomes loaded with multicores (Figure 9 f) to the micrograph of a lysosome filled with monocores (Figure 9 c). Another often reported non-thermal effect is the Fenton reaction by which residual Fe 2+ cations on the iron oxide surface can produce reactive oxygen species (ROS) oxidizing phospholipids and causing the lysosome membrane rupture, as shown in several recent articles to be the main cause of intra-cellular MH. [29][30][31] Multicore IONPs having a specific surface area typically 60 % higher than smooth spherical IONPs, [12] such non-thermal oxidative contribution to MH would also be larger. The second reason was the highest SAR of the multi-core IONPs (expressed in W⋅g -1 ), meaning that they induced higher heating power efficiencies at equal iron oxide concentration compared to monocore spherical IONPs. Taking into account the two effects -SAR and internalized concentration of 265 W⋅g -1 and 800 pg/cell for multicore IONPs as compared respectively to 134 W⋅g -1 and 300 pg/cell for monocore IONPs) -the heating power was more than five times higher for multicore compared to monocore IONPs. The higher cytotoxicity at 24 h after 30 min treatment under an AMF with multi-cores (80-90 % compared to 40 %) could be directly correlated to their more efficient heating power, maybe also combined with a mechanical disruption of the plasma and lysosomal membranes induced by their surface roughness.

Conclusion

In this chapter, we reported the surface modification of IONPs of two sizes and morphologies (14.5 nm monocores or 29.1 nm multicores) with two molecules: a NIR fluorescent probe (DY700) to allow tracking of the nanoparticles in cells, and a PEG stabilizing brush. This molecular design was completed through a one-pot convergent strategy, in aqueous conditions, and on stable, i.e.

individually dispersed IONPs. The modified IONPs@PEG* obtained were readily dispersed in water, and could be purified by a simple centrifugation-redispersion process. The interaction of these IONPs@PEG* with cancerous cells was investigated using a bioluminescent human glioblastoma cell line, genetically modified to express the luciferase enzyme as a convenient read-out of cell viability.

IONPs@PEG* accumulated in lysosomes, as firstly observed by confocal microscopy, using the Lysotracker™ green dye. There was a direct correlation between the quantity of IONPs@PEG* internalized and the concentration of IONPs@PEG* during incubation, as evidenced by flow cytometry and fluorescence imaging. The number of nanoparticles internalized in 24 h in each cell was evaluated around a few tens of million, in agreement with literature. With much higher resolution, TEM images showed that the morphology of the IONPs was conserved after incubation, even after 24 h, meaning that the IONPs were fairly insensitive of the mechanisms of degradation occurring inside of the lysosomes and keep their heating efficiencies, at least at this time scale. This ability of these IONPs@PEG* to kill cells by magnetic field hyperthermia was studied using a commercial DM3 setup (nB) by applying an AMF amplitude, frequency, and duration of application suitable for medical applications. The cell viability was assessed quantitatively based on the bioluminescence signal of cells 24 h after the AMF application. The higher efficiency of the multicore IONPs compared to the monocore IONPs was evidenced by an increased cytotoxicity that appeared also to be independent of the iron oxide dose. Therefore multicore IONPs are particularly suitable agents for magnetic hyperthermia treatment of cancerous cells, and a lot of research is currently on-going in our group and others to design molecular coatings providing further functionalities such as cancer cell targeting, [32] or anticancer drug delivery activated by the AMF application. [33] 

Introduction

Cancer is to day one of the leading causes of death in developed countries, among which glioblastoma brain tumors leads to poor prognosis. [1] Different therapies exist, as surgical resection [2] followed by radiotherapy and/or chemotherapy [3]. This combination of therapies to improve the patient's prognosis has also been tried out with magnetic hyperthermia coupled with X-ray radiotherapy. This recent use of magnetic iron oxide nanoparticles to treat glioblastoma has shown promising results, doubling the life expectancy of patients. [4] This article focuses on magnetic hyperthermia possibly associated with chemotherapy. With the aim to select the best strategy to couple these two treatments, we developed a nanovector able either to deposit a thermal dose internally or to release a drug under application of an alternating magnetic field (AMF). Multiple designs of drugcarrier nanoparticles have been reported in the literature to improve the targeting efficiency and solve the poor solubility issue of a vast percentage of drug molecules developed by the pharmaceutical industry. [5][6][7][8] The best candidates for the magnetic mediator part are still iron oxide nanoparticles, thanks to their biocompatibility, large surface to volume ratio and outstanding performances as heating mediators. Vectors combining both magnetic and thermosensitive properties can theoretically treat any part of the body as radiofrequency alternating magnetic fields (AMF) are able to penetrate deeply in tissues. The concepts of drug releasing by AMF have been presented in different reviews. [9,10] The designs typically rely on the destabilization of membranes, [11] a lower critical solubility transition (LCST) properties, [12,13] or cleavable bonds sensitive to temperature or pH. [14] Though the internalization pathway of nanoparticles in cells is well-described, [15,16] the cells death mechanism under magnetic hyperthermia is still actively studied. For magnetic hyperthermia alone, cytotoxicity is tentatively explained by the so called "cold hyperthermia" or intra-lysosomal hyperthermia conditions, through generation of reactive oxygen species (ROS) causing lipid oxidation and lysosome membrane permeation [17,18]. On the other hand, IONPs were also shown to cause anti-inflammatory effect in vivo by lowering the pro-inflammatory cell markers and ROS levels. [19] For magnetic hyperthermia coupled with drug delivery, a strategy sometimes called "magnetochemotherapy" [11] or "thermo-chemotherapy" [20], the mechanism is more complex and relies on the molecular design. But the mechanism of drug release under magnetic hyperthermia after cell internalization and entrapment of the nanovector in endocytic compartments is still a debated topic.

Depending on the strategy of release, the liberation of the drug may start in endocytic compartments by passive (enzymatic degradation, pH degradation) or active means (thermoresponsive systems). [21][22][23] At this stage, the drug is liberated from the nanocarrier but is still trapped inside of the endocytic compartments. The liberation of the drug needs to occur were it is active, either in the cytosol of the cells or in organelles (e.g. nucleus for DNA intercalating agents). Alternatively, a limited number of nanoparticles (NPs) such as gold NPs with an arginine coating were shown to escape the endocytosis pathway and to translocate through the plasma membrane, enabling direct delivery of proteins to cytoplasm. [24] In the case of IONPs, the leakage of lysosomes was proved by the activity of enzymes in the cytosol, [25] but the synergistic activity of drug delivery coupled with magnetic hyperthermia is still to be unraveled.

In this chapter, we studied the accumulation of IONPs of two different coatings in the cells for long durations (superior to 24 h). This allowed following the whole internalization pathway of the nanoparticles inside the cells, and monitoring the aging of the endocytic compartments. The influence of the nanoparticles on the cells' life cycle was also studied through a bioluminescence-based assay, dependent both on the proliferation of cells and their viability. To understand the magnetic hyperthermia effect on biological cells, especially on their microstructure of the lysosome and on the liberation of the lysosomes' content, we designed a nano-platform with multiple functionalities, by grafting magnetic iron oxide nanoparticles with an elastin-like polypeptide (ELP) and a fluorescent probe, leading to a core-shell structure which has both magnetic, thermosensitive, cell-penetrating and fluorescent capabilities. The cellular uptake of those peptide-coated IONPs was compared to control IONPs made from the same magnetic cores coated by a repulsive PEG layer. Complementary to in vitro experiments, these two types of IONPs were administered to mice both by intravenous (systemic) or intra-tumoral (local) injection. Their fate was followed using fluorescence imaging, and their use for magnetic hyperthermia treatment was evaluated by bioluminescence imaging (BLI) and quantification of tumor activities.

Materials and methods

IONP synthesis

Magnetic iron oxide nanoparticles were produced by the polyol route by adapting the conditions of reaction previously reported by Caruntu et al. Controlled fractions of water were injected in the polyol medium to drive the morphology of the IONPs (i.e. monocore or multicore), as reported recently by our group. [26] 1.5 eq. of 2-aminoethylphosphonic acid (AEP) (Sigma Aldrich) were reacted with 1 eq. of NHS-ester modified DY700 fluorescent probe (Dyomics, Germany) in DMSO for 24 h at room temperature under agitation. The phosphonate modified DY700 was later referred to as DY700*. 1 eq. of tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (98%, ACROS Organics) was dissolved with 1 eq. of poly(ethylene glycol) methyl ether thiol (mPEG-SH, average molar mass M n =6000 g⋅mol -1 , Sigma Aldrich) in 50 mM phosphate buffer (PB) at pH 7.4 for 24 h. This step allowed the reduction of the disulfide bonds between (mPEG-S) 2 dimers, providing reactive thiols.

Separately, the heterofunctional cross-linker was produced by reacting 5 eq. of AEP with 1 eq. of Nsuccinimidyl-4-maleimidobutyrate (GMBS, TCI Europe) in PB for 24 h in cold conditions with an ice bath, to prevent the too fast hydrolysis of the NHS ester. The two solutions were mixed after 24 h and let to react for another 24 h. The product later referred to as PEG* was purified by dialysis against milliQ water for 3 consecutive days, using a 5 kDa membrane, and renewing 6 times the dialysis bath.

The ELP 40-60-Tat was modified using the same protocol, with a first step of reduction and a second step of chemical modification with the heterofunctional cross-linker. The purification was done by inverse transition cycling; a fast and efficient process based on the thermosensitive properties of the ELP* 40-60- Tat .

0.6 % w/w eq. of DY700* (corresponding to 20 molecules per nanoparticle) were then grafted onto IONPs in water acidified to pH=2.5 with dilute nitric acid. After 1 h, 28 % w/w of ELP* 40-60-Tat (28 % w/w for PEG*) was added to the dispersion of IONPs. These proportions lead to theoretical grafting densities of 𝜎 = 1 𝐷 2 = ⁄ 0.06 molecular chains per nm 2 (0.4 nm -2 for PEG*) or reduced tethered densities 𝛴 = 𝜋𝑅 G 2 𝐷 2 ⁄ = 15 in both cases. The reduced tethered density of PEG* was calculated with the radius of gyrations estimated using scaling laws reported by Devanand [27] (𝑅 G (nm) = 0.0215 • 𝑀 n 0.583 ) or by Le Coeur et al. [28] (𝑅 G (nm) = 0.066466 • 𝑀 n 0.45224 ). Even though the equations are different (respectively good and Theta solvents), they both provide radii of gyration of 𝑅 G = 3.4 nm for PEG with a molar weight of 6,000 g⋅mol -1 . The scaling law reported by Garanger et al. [29] (𝑅 G (nm) = 0.505 • 𝑀 n 0.486 ) was used to estimate the radius of gyration of the ELP* 40-60-Tat chains in solution, with a value of 𝑅 G = 8.8 nm. After 2 h of reaction, the pH was corrected from acidic to neutral using Tris 50 mM. The solutions were purified from the excess of DY700*, PEG*, and ELP* 40-60-Tat by 3 cycles of centrifugation-redispersion at 18,000 g, 1 h at 25°C, directly followed by 30 min at 1 °C to increase the viscosity of the solvent and avoid pellet dispersion during the deceleration phase. The supernatant was renewed between the cycles of centrifugationredipsersion. Following our calculations, up to 99.9 % of the original solvent was removed this way.

Transmission electron microscopy on nanoparticles

A Hitachi™ H7650 microscope was used at an acceleration voltage of 80 kV. Images were acquired with an ORIUS™ SC1000 large format (11 MPx) camera. The sample was prepared by nebulizing the IONP dispersion at a concentration of 1 g•L -1 on Formvar™ carbon-coated 200 mesh copper grids from Agar Scientific™ followed by a drying step at room temperature. The IONP size distribution was obtained by measuring 100 nanoparticles with the ImageJ freeware (https://imagej.nih.gov/ij/). The size-histogram was fitted to a log-normal distribution law of diameters P(d) with optimized values of median diameter α and non-dimensioned width β:
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The mean size d 0 = <d> (number-average) and standard deviation σ = <(d-<d>) 2 > 1/2 were calculated with the classical Gaussian statistics formulas.

Dynamic light scattering

Z-average hydrodynamic diameters (D h ) and polydispersity indexes (PDI) were acquired on a Nanosizer™ Nano ZS90 instrument (Malvern™, UK). DLS data was converted into size distributions using a 2 nd order Cumulant fit. The PDI were defined as the ratio of the 2 nd order coefficient to the square of the 1 st order one in the series. [30] 

TGA

TGA analyses were carried on a Q500 apparatus from TA instruments. A temperature ramp of 10 °C⋅min -1 from RT to 600 °C was applied, with an oxygen flow. The data was analyzed using the software Universal Analyses.

ATR-IR

ATR-IR spectroscopy was carried on a GladiATR™ device from Pike Technologies mounted on a Bruker Vertex™ 70 FT-IR spectrometer. Typically a drop of sample was dried on the diamond prism using a hair blower followed by a 64 scans measurement. Spectra were analyzed with the Opus™ software.

Cell line generation and culture

U87 human glioma cell line was obtained from the American Tissue Culture Collection (ATCC, Manassas, Virginia). The bioluminescent U87-CMV-lucF cell line was generated as previously reported. [31] Cells were cultivated in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, California) supplemented with 10% foetal bovine serum (FBS, Invitrogen), 1% nonessential amino acid (MEM NEAA, Invitrogen), 1% antimycotic-antibiotic mix (PSA, Invitrogen), and 50 µg⋅mL -1 Hygromycin B (Euromedex, Souffelweyersheim, France). Cell line was maintained in a humidified 5% CO 2 incubator at 37°C.

Incubation of cells with IONPs

5000 cells per well were plated in 16-well microscopy chambers (Nunc™ Lab-Tek ® , Thermo Fisher) 24 h before experiments. Determined concentrations of IONPs dispersed in supplemented DMEM (0, 100, 200, 300, 400 or 500 µg⋅mL -1 ) were added to the cells for 24 h of incubation. They were then washed 2 times with 100 µL of PBS before addition of 100 µL of fresh supplemented DMEM.

Laser scanning confocal microscopy (LSCM)

22,500 cells per well were plated in 24-well plates 24 h before experiments and then incubated with IONPs conjugated to the NIR fluorescent probe DY700* (Dyomics GmbH) for 24 h at 100 μg⋅mL -1 . They were washed with PBS before fluorescent staining. The blue fluorescent probe Hoechst 33342 (Thermo Fisher Scientific) was used at a concentration of 2 μg⋅mL -1 in PBS for 5 min at 37 °C to stain the nuclei. The green fluorescent probe Lysotracker™ was used at a concentration of 100 nM in PBS for 1 min at RT to stain the lysosomes. The cells were then harvested with trypsin for 5 min at RT, suspended in PBS and centrifuged for 5 min at 300 g. They were re-suspended in 200 μL of PBS supplemented with 0.5 % of FBS and 2 mM of EDTA. They were preserved on ice to prevent adhesion, before observation. Samples cells were imaged on an inverted confocal microscope Leica TCS SP5 equipped with an Acousto-Optical Beam Splitter (AOBS) and using a 63× lens (Leica HCX PL APO lambda blue 63.0 × 1.40 oil UV) in fluorescence mode. Confocal images were acquired using the Leica TCS software in sequential mode to avoid the overlapped emission as follows: Blue Hoechst 33342 was excited with a laser diode at 405 nm (6%) and measured with emission setting at 410-510 nm, green Lysotracker™ was excited with a DPSS diode at 561 nm (53%) using a window at 570-650 nm and red DY700 was excited with a Helium-Neon laser at 633 nm (90%) using a window at 640-770nm. LCSM images were collected at 400 Hz scan rates with a line average of 4 and a format of 1024×1024 pixels. The transmission mode images were acquired using the Helium-Neon laser at 633 nm (15%). A Z-stack of 50 frames covering a depth of 25 µm was carried out for assessment of label distribution across the cell using the sequential mode. PMT gain and offset configurations were set up on control cells so as to correct images from green and red auto-fluorescence.

Fluorescence and bioluminescence imaging

A Lumina LT instrument (Perkin Elmer Inc., Boston, MA, USA) was used for fluorescence and bioluminescence imaging (BLI) at Vivoptic (UMS 3767 -Univ. Bordeaux). For BLI, the cells were incubated for 5 min at RT with a 0.6 mM solution of D-luciferin in PBS (Promega, Madison, WI, USA). Bioluminescence images (1 min acquisition, 4×4 binning) and photographs (100 ms) were acquired successively. Fluorescence images (1 s acquisition, excitation at 640 nm, 695-770 nm filter emission, 4×4 binning) and photographs (100 ms) were also acquired successively. The Living Image software was used to analyze the images.

Transmission electron microscopy on cells

Glial U87 cells were cultivated on 16-well optical glass supports (Nunc™ 178599 Lab-Tek ® Chamber Slide™ System, Glass, Volume: 0. 

Magnetic hyperthermia

The applied radiofrequency AMF was generated using a DM3 applicator for in vivo MFH (nB nanoScale Biomagnetics, Zaragoza, Spain). Cells (5000 cells per well) were plated in 16-well Nunc™ shell layers were grafted. The small curvature radius of the IONPs (5.9 nm), as calculated from TEM micrographs, was taken into account to estimate the molecular conformation of the tethered polymer chains through the Daoud-Cotton [33] or Birhstein-Zhulina [34] model, revised by Lin and Gast who introduced pre-factors. [35] The grafting yield was estimated by thermogravimetric analyses (TGA) in order to describe the surface state. Weight ratios of organic to inorganic material were obtained. For the determination of the parameters described above, the following hypotheses were made: i) the nanoparticles were considered to be spherical, and ii) the surface of the spheres had a negligible roughness. The average number of chains per nanoparticle was determined from the molecular weights of the ELP 40-60-Tat and PEG (respectively 41,260 and 6,000 g⋅mol -1 ). The grafting densities were estimated by taking into account the total surface that was available for the grafting and the total number of chains of ELP* This a-dimensional number gives an estimate on the state of the chains at the surface, from "mushroom" to "brush" conformations [36]. The values of Σ represent the ratio of the projected surface area of a free non-overlapping single chain normally filled under the same solvent conditions by the surface area occupied by a chain grafted on the surface. With values of Σ=10 for the ELP* 40-60-Tat and Σ=5.3 for PEG*, the chains ware in both cases strongly overlapping and interacting, leading to brushes protruding into solvent and providing steric stability to the grafted IONPs. The higher value of Σ for a lower number of ELP* 40-60-Tat chains compared to PEG* came from their difference of molecular weight and therefore their difference of radius of gyration (8.8 nm against 3.4 nm). The hydrated shell thickness could be estimated using formulas introduced by Birshtein and Zhulina to describe the curvature of a polymer brush around a spherical particle for the Theta solvent regime [34] (the Daoud-Cotton model being derived in the good solvent case) that could be approximated by 𝐻 = 𝑅 𝑔 • (𝑅 𝐷 ⁄ ) 0.5 . The brush height was estimated to be 23.3 nm for the ELP* 40-60-Tat , leading to an overall diameter of 58.6 nm as compared to 60 nm measured by DLS. The same calculation was made for PEG* grafted IONPs: the brush height was estimated to be 6.7 nm, which would have led to an overall diameter of 25.5 nm much lower than the 54 nm measured by DLS. In general, the diameter measured by DLS is overestimated as polydispersity and the presence of clusters shift the intensity average diameter toward larger values. For bare uncoated IONPs, the diameter measured by TEM was of 11.7 nm, while DLS provided a value of 44 nm in aqueous solution acidified at pH2 with HNO 3 contrary to the coated samples buffered at pH7 with 50 mM Tris. The theoretical brush height and the one reported by DLS were compared with caution, but in both cases, the surface modifications with PEG* and ELP* 40-60-Tat led to a consequent increase of hydrodynamic diameter (Table 1).

Aside from DLS and TGA, the surface modification was assessed by attenuated total reflection infrared (ATR-IR) spectroscopy (Figure 1 f). Bare IONPs presented a broad peak in the 3000-3500 cm -1 range corresponding to stretching vibrations of surface hydroxyls Fe-OH and Fe-H 2 O + . The peak at 1650 cm -1 corresponded to their bending vibrations. The strong peak starting at 540 cm -1 corresponded to the stretching vibration of the Fe-O bond in the matrix. IONPs modified with PEG showed an ether stretch at 1000-1300 cm -1 and an alkyl C-H stretch in the range of 2950 -2850 cm -1 .

This alkyl stretch was also present for the ELP* 40-60-Tat modified IONPs, with additional peaks corresponding to amide C=O stretch at 1690 -1630 cm -1 , and amide N-H stretch at 3700 -3500 cm -1 .

These observations were in agreement with the surface modification of the IONPs with respectively PEG* and the ELP* 40-60-Tat . The grafting of the fluorescent probe DY700* was assessed by measuring the fluorescence of the nanoparticles (Figure 1. g). An excitation at λ exc =650 nm led to a maximum of emission at λ em =700 nm.

Nanoparticles interactions with U87 glioblastoma cells

The IONPs were incubated with a U87 glioblastoma cancerous cell line to investigate their They obtained intracellular accumulations non-linear with the valence, with uptakes up to 100-fold superior for valences larger than 10. Usually attachment of a cargo to Tat sequence decreases or even annihilates its cell membrane translocation property, except if it is compensated by a large multivalence effect, as demonstrated on cancer cells by MacEwan et al. with diblock ELP micelles [40] and by Drappier et al. [22] with synthetic polymer micelles conjugated with a high density of Tat endgroups. Such cell-penetrating effect is later presented here in more detail, by comparing the internalization of IONPs@PEG* and IONPs@ELP* 40-60-Tat nanoparticles, both for in vitro and in vivo conditions. As images were taken on live cells, different stages of cell mitosis were observed and reported on micrographs reporting the deformation of endosomes encapsulating magnetic nanoparticles under a static magnetic field was previously reported, [43] but to the best of our knowledge, it is the first time that the effect of an alternating magnetic field alone is reported, showing direct images of the disruption of the lysosomal membrane and leakage of their interior into the cytosol. In a very recent article, a group from Zaragoza and Lausanne has published similar TEM analysis of ruptured lysosomes, [44] but in their case there was a macroscopic temperature increase (up to 46°C). In their case, the cells were detached and pelleted at a very high concentrations (9 million in 150 µL) before applying the AMF or heating in a water bath. The same strategy had been used in an older work by Fortin et al., [45] since a macroscopic cell pellet had a sufficient heating power (compared to the thermal losses) to reach a macroscopic increase of temperature. In our case, the cells were still adherent on the glass substrate and their concentration was low (5,000 in 100 µL DMEM) so that "cold" or "intra lysosomal" hyperthermia treatment was applied instead, i.e. no macroscopic heating occurred. 

Effect of magnetic hyperthermia on cells

Biodistribution of intravenously administered nanoparticles in mice

IONPs@ELP* 40-60-Tat and IONPs@PEG* nanoparticles were administered to mice by tail vein injection (750 μg in around 100 µL bolus). The biodistribution of the nanoparticles as a function of time was followed by in vivo fluorescence imaging thanks to the dye emission at 700 nm, i.e. in the near infrared (NIR) transparent window of tissues. Both IONPs@PEG* and IONPs@ELP* 40-60-Tat modified nanoparticles were up-taken in the liver, as well as in the tumor located on the mouse leg (Figure 10 and Figure 11). There was also perfect overlap of the fluorescence signal from the nanoparticles and of the bioluminescence signal from the tumor (Figure 9). As there was no active targeting for both nanoparticles designs, the tropisms of the IONPs toward the tumors were ascribed to the enhanced permeability and retention (EPR) effect. The signal of the IONPs in tumors was still strong after an hour but faded away after several hours, indicating a draining effect. Similarly, the fraction of IONPs that was up-taken by the liver seemed to be eliminated through the hepatobiliary pathway as suggested by fluorescence images taken on mice in dorsal decubitus position showing transfer -of at least the dye molecules -from the liver to the intestinal track. [47] Figure 10 Biodistribution in a mouse of 11.7 nm diameter spherical, magnetic, fluorescent thermosensitive and cell-penetrating IONPs@ELP* 40-60-Tat nanoparticles (750 μg in around 100 µL PBS injected intravenously). Xenograft U87 glioblastoma tumors were implanted and grown on the mouse until maturation (in 6-7 weeks). The animal was anaesthetized by breathing isoflurane gas (Belamont, Nicholas Piramal Ltd, London, UK, 2% in air). 

Treatment by intravenous (systemic) administration

Larger doses of 1 mg were injected intravenously (100 µL bolus in caudal vein). AMF treatment was applied 30 min after injection (15 min, 473 kHz, 12 kA⋅m -1 ). The tumors on the mice leg were positioned inside the 2-coil inductor in the region of homogeneous field intensity (Figure 13 a), while keeping the liver in a small circular region of lowest field intensity, i.e. less than 5% of the nominal field intensity (as determined by finite element modelling, see Figure 11 b in previous chapter). This strategy to concentrate the application of AMF on tumors and to limit the anticipated side-effect heating of liver by positioning the animal perpendicularly to the coil axis instead of parallel was proposed in a work by Rodrigues et al. with their lab-made 2 coil applicator. [48] The temperature of the mice was monitored by IR thermometry (Figure 13 b,c). No significant macroscopic heating was observed, with the surface temperature of the tumors remaining surprisingly lower than that of the rest of the body, presumably due to an artefact of thermal imaging due to the tilt angle of the camera view [48] and to the smaller surface of the leg compared to the back of the animal. These results show that although IR thermal imaging is widely used for in vivo magnetic hyperthermia experiments, this method is unable to assess the exact intra-tumor temperature and should rather be used for relative assessments, for instance by comparing a test tumor on one side to a control tumor on the other one. [49] Moreover, the skin temperature decreased from 34 to 32 °C, as the mice went into hypothermia which is a well-known effect of anesthesia. The progression of tumor growth after application of magnetic hyperthermia was quantified by LucF enzyme activity (Figure 14 a). The development of implanted U87 glioblastoma cells was relatively slow, with tumors reaching full maturity in time scales of commonly 6 to 7 weeks after xenograft implantation. The tumors continued to grow after application of the treatment, with an average increase of relative LucF activity of a factor 2.6 for IONPs@ELP* 40-60-Tat and 3.1 for IONPs@PEG* after 72 h (Figure 14 b). Using 3 mice for each condition (instead of 2 only) and adding a pool with untreated tumors would have allowed a statistical comparison of the efficiency of the two treatments. Nevertheless, several conclusions can be made out of these preliminary collected data. The administration of IONPs@ELP* 40-60-Tat nanoparticles was apparently more efficient at reducing tumor growth compared to IONP@PEG nanoparticles. This can be interpreted again by their higher internalization efficiency in cells; this claim is supported both by in vitro (Figure 5, Figure 6)

and in vivo (Figure 12) experiments. The AMF treatment did not lead to a macroscopic heating, so the hypothetical mechanism of action is a cold hyperthermia effect. In this scenario, cells death was provoked by generation of reactive oxygen species (ROS) and most-probably loss of integrity of the cells (rupture of lysosomal membranes). Finally, in both cases, the treatment was not effective enough to induce a decrease of LucF activity. These observations are representative of the intravenous administration of nanomedicine. The systemic biodistribution led to a fraction of material being directed to the region of interest, by EPR effect. Specific ligands could improve the tumor targeting, although reviews on the subject evidence that the fraction of material effectively reaching their target still remains low, typically around only 1% of the dose at best. [50] As IONPs@ELP* 40-60-Tat nanoparticles have cell-penetrating but no active targeting properties, they were also administered by intra-tumoral injection.

Treatment by intra-tumoral administration

Figure 15 Fluorescence signal of IONPs@ELP* 40-60-Tat and IONP@PEG* nanoparticles (intra-tumoral injection, immediately after administration), and bioluminescence signal of the tumors (prior administration).

In the previous experiments by intravenous administration, the EPR effect allowed targeting tumors passively, but the main fraction of nanomedicines did not reach their target and were collected by the liver. The nanoparticles were therefore directly injected in the tumors to improve the quantity of material retained in the area of interest. The cells implanted were changed from U87 glioblastoma to RM1 prostate in order to reduce the maturation time of the model tumors. The RM1 tumors used in this study were more aggressive and developed faster, in a few days only. For very practical reasons, this allowed injecting cancerous cells on a Friday and administrating the nanoparticles the next Monday, to cut down experimentation times. For these experiments, doses of around 1.3-1.5 mg of IONPs@ELP* 40-60-Tat or IONPs@PEG* were administered in 6 µL injections. As the sizes of the tumors were relatively small (dimensions of few millimeters) and the inflammation significant, the locations of the tumors were preliminary determined by bioluminescence imaging (Figure 15). The correctness of these administrations was confirmed by fluorescence imaging of the nanoparticles. The surface temperatures were recorded during the treatment. Typically, the temperatures of the tumors without nanoparticles were slightly decreasing of a few °C due to anesthesia, while the temperatures of the tumors injected with nanoparticles were significantly increasing until reaching a plateau value (Figure 17). The shapes of the curves were typical of magnetic hyperthermia experiments, with an increase of temperature until reaching the compensation of heat generation and heat loss. The mice regulated their temperature and their body acted as heat sinks. Surface temperature gaps of up to 10 °C between the two tumors were recorded at equilibrium. As the IR thermography was mapping the surface of the skin, the temperature of deeper tissues was underestimated. This most likely explains the value of 32 °C for the control tumor, while the rectal temperature of a mouse is typically of 37 °C, leading to a bias of typically 5 °C. By correcting the temperature of the tumor injected with nanoparticles by 5 °C, as suggested by reported simulations of tumor phantoms at different depths, [51,52] the plateau temperature could be as high as 48 °C (while a more rigorous estimate would consist in simulating the diffusion profile of heat generated in the center of the tumor by the so-called "bio-heat equation"). This would mean that the temperature in the center of the tumor is high enough to induce the apoptosis of cells, or even necrosis.

Figure 18 Fluorescence imaging of IONPs@ELP* 40-60-Tat and IONPs@PEG* nanoparticles, and bioluminescence imaging of the tumors. Top pictures were taken after IONP administration (t=0). Bottom pictures were taken at t+72 h, after successive applications of MH at t+4, t+8, t+24, and t+48 h.

Fluorescence and bioluminescence imaging allowed keeping track of the nanoparticles and follow the growth of the tumors on a time-scale of 72 h (Figure 18). The magnetic hyperthermia treatment was applied four times in a row, at 4, 8, 24 and 48 hours after administration of IONPs@ELP* 40-60-Tat and IONPs@PEG* nanoparticles. During the duration of the repetitive treatment, the nanoparticles were progressively eliminated while the tumors significantly developed as shown from the decrease of the fluorescence signal. The fluorescence signals of the nanoparticles were stable during the first 24 h after their administration, and declined steeply during the following days.

The application of magnetic hyperthermia had little effect on the kinetics of elimination, as similar relative evolutions were observed in both cases, for the two types of nanoparticles. The signal measured on this experiment arised from the DY700* fluorophore chemically bound to the nanoparticles. We hypothesized that the fluorescence signal was directly proportional to the quantity of nanoparticles inside the tumors. This hypothesis surely holds for small durations, but the fluorophore might be de-grafted from the nanoparticles and eliminated following an alternative pathway at the scale of several days. In future experiments, inductively coupled plasma mass spectrometry (ICP-MS) could be used as a complementary measurement to quantify the iron content inside the tumors at the end of the experiment, and compare with the injected dose at the beginning of the experiment. As the normalization of bioluminescence was done shortly after injection, a large quantity of iron oxide material was present inside and in the vicinity of the tumors. This led to a well-observable deep black coloration of these areas under the mice skin, absorbing the bioluminescence signal during its imaging and leading to a bias of tumor activity measurement. As the nanoparticles were removed through time, two effects were added: the natural tumor growth and the removal of the bioluminescence absorption by the nanoparticles. This phenomenon was not observed for IONPs@ELP* 40-60-Tat nanoparticles. Upon injection, they significantly remained located inside the tumors, possibly through an improved cell penetration effect arising from the Tat peptide or from a gelling effect of the ELP. The ELPs are known to undergo a transition from soluble unimers to coacervates when heated and in saline conditions, which is the case in physiological conditions. As nanoparticles were injected at high concentrations (6 μL at 220 mg⋅mL -1 ), they probably interacted with the extracellular matrix when located in the environment of the tumors. After injection, IONPs@PEG* nanoparticles diffused in the area of inflammation, while IONPs@ELP* 40-60-Tat nanoparticles probably stayed trapped inside the tumors. The administration of IONPs@PEG* followed by successive applications of MH did not show a significant effect on tumor activity (in this example). IONPs@ELP* 40-60-Tat reduced the tumor activity by a factor 4, evidencing the benefit of the ELP* 40-60-Tat surface modification (in this example). These experiments must be carried on a greater number of mice to obtain a statistically significant result. Nonetheless, the benefit of the repeated MH applications, the use of nanoparticles specifically engineered for the treatment of tumors, the bioluminescent tumor models, the 2-coil inductor set-up coupled with an IR camera, and the advantage of using fluorescent nanoparticles were evidenced by these preliminary results of magnetic hyperthermia in vivo assays.

Conclusion

IONPs were synthesized by the polyol pathway leading to controlled morphologies and magnetic properties. Their heating performance under application of an external alternating magnetic field makes them suitable agents for magnetic hyperthermia cancer treatment. The optimized polyol synthesis strategy allowed producing smooth spherical nanoparticles, around 12 nm in diameter and with narrow size-distribution. The surface of the nanoparticles was grafted with molecules of interest using a convergent strategy, meaning that molecules were chemically modified with a phosphonic anchor group beforehand. A DY700 fluorescent probe, a PEG* polymer and an ELP* 40-60-Tat were modified using this strategy, to respectively bring new functionalities to the IONPs: fluorescent, stealth, thermosensitive and cell penetrating properties. A single one-pot step in mild-acidic conditions was used to graft these molecules of interest onto the IONPs, followed by a fast and efficient centrifugation-redispersion process to isolate the grafted IONPs from residual un-grafted species. U87 glioblastoma cells were used as a model to study the nanoparticle internalization pathway. The IONPs were shown to end-up in lysosomes, with relatively no incidence on the cells' life cycle. The glioblastoma cells were viable, as quantified using their bioluminescence signal. The application of AMF resulted in the rupture of the lysosome, even in absence of macroscopic heating, as characterized by the leakage of their content observed by confocal microscopy. Their change of morphology was also evidenced by transmission electron microscopy, with originally spherical structures being distorted and deflated. The loss of microstructure integrity resulted in a cytotoxic effect, with a statistically significant drop of cell viability assesses by the BLI assay. These observations help highlighting the crucial role of lysosome rupture in the still debated mechanism of cell death under "cold" magnetic hyperthermia. Integrating magnetic nanoparticles in an anticancer drug delivery strategy is clearly relevant as an external magnetic field trigger can be used to release the drug trapped inside lysosomes, and push forward the cytotoxic effect. We also showed that the lysosomes and encapsulated IONPs are passed on to next generations of cells. The lysosomes keep their integrity during the cell division, still isolating the cytosol of the cells from the content of the lysosomes. This allows a possible delay between incubation and application of a magnetic field, with a time range superior to the cells' life cycle one. The thermosensitive property of the ELP* 40-60-Tat modified IONPs will be studied as outlook of this work in a near future in a drug-delivery strategy triggered by AMF application. In vivo experiments were carried to complement the in vitro observations and to study the effect of surface modification of the nanoparticles in relation with their application: the treatment of tumors. IONPs@ELP* 40-60-Tat and IONPs@PEG* nanoparticles were shown to accumulate in tumors when administered intravenously. As the surface of the nanoparticles was not decorated with active targeting ligand, the tropism toward the tumors was ascribed to a passive targeting, the canonical enhanced permeability and retention effect. Significant differences between the two surface modifications were observed by confocal imaging on microtomes of livers and tumors.

IONPs@ELP* 40-60-Tat nanoparticles were shown to be internalized deep inside the tumors as they exhibited cell-penetrating properties. Nevertheless, the application of an AMF led to no significant reduction of the tumor activities, as the fractions of administered nanomedicines effectively reaching the tumors were not sufficient to lead to a macroscopic heating during treatment. On the opposite, intra-tumoral administration led to significant elevations of temperature during the AMF treatment, of 

CONCLUSION AND PROSPECTS

The aim of this PhD research project was to develop hybrid magnetic iron oxide nanoparticles biofunctionalized with polymers. Selecting thermosensitive polymers and thermosensitive elastin-like polypeptides allowed producing nanoparticles with potential medical applications as magnetic hyperthermia agents, drug delivery systems, or even MRI contrast agents. Because of the project scope, different domains of science were involved, from physics, chemistry to biology. Here are reported major advancements to obtain such systems.

At first, iron oxide nanoparticles were produced by the classical co-precipitation of iron precursors in alkaline conditions. Such strategy allowed yielding large quantities of material at the gram scale. However, the co-precipitation synthesis suffered from a major drawback, which was the lack of control over the morphology of the nanocrystals, and therefore over their magnetic properties.

For these reasons, we selected the polyol route to produce iron oxide nanoparticles. This versatile method allowed producing batches of iron oxide nanocrystals with well-defined structures and magnetic properties. Importance of parameters such as temperature and reaction time, heating profile, nature of polyol solvent or of organometallic precursors on nanostructure and properties had already been described in the literature. Yet, the crucial role of water in the forced hydrolysis pathway had never been reported despite its mandatory presence for nanoparticle production. We investigated the influence of the water amount, and temperature at which it was injected in the reflux system for either a pure polyol solvent system or a mixture with poly(hydroxy)amine. Distinct morphologies of nanoparticles were thereby obtained and characterized by TEM. Ultra-ultra-small smooth spheres down to 4 nm in diameter to larger ones up to 37 nm were produced. Well-defined multicore assemblies with narrow grain size dispersity termed nanoflowers were also synthesized. A diverse and large library of samples was obtained by playing with the nature of solvents and amount of added water while keeping all other parameters constant. The properties of the IONPs were extensively studied. DLS measurements allowed estimating the hydrodynamic diameters of the IONPs as well as their aggregation state in solution, most samples being stable. Their magnetization was measured, evidencing superparamagnetic properties and magnetization saturations similar to that of the bulk material. Their SAR was evaluated using calorimetric measurements while applying a radiofrequency magnetic field. We reported SAR values of 296 W⋅g -1 in medically translatable conditions (frequency of 755 kHz, at 10.2 kA⋅m -1 of amplitude). SAR values as high as 2,000 W⋅g -1 were even obtained by AC magnetometry (frequency of 1023 kHz, at 20 kA⋅m -1 of amplitude). IONPs were also tested for MRI applications, by measuring their relaxivity properties. Transverse relaxivity r 2 exhibits also quadratic variation with diameter for smooth nanospheres, in line with the "motional averaging regime" of the "outer sphere" model of MRI contrast agents. In the case of the smallest diameter IONPs synthesized (UUSPIOs), their longitudinal relaxivity r 1 at 1.41 T associated with moderate r 2 /r 1 ratio make them alternatives to gadolinium chelates as positive MRI contrast agents, with lower risk of side effects on patients. The different morphologies led to bare magnetic nanoparticles suitable for medical applications such as magnetic hyperthermia, MRI contrast agent, or both.

The second milestone of the project was the biofunctionalization of the bare IONPs. The main objective was to bring stability to the IONPs in solution and potentially in biological conditions. At first, molecules of interest were attached by successively grafting an aminosilane, followed by a heterofunctional linker, before final attachment of a polymer or polypeptide. The aminosilane was used to bridge the gap between the inorganic core and the organic shell. Selecting an appropriate heterofuntional linker allowed bonding the polymer/polypeptide of interest with the surface of the IONPs decorated with amines. The commercially available aminosilane AEAPTMS and hetero crosslinker GMBS were used to graft the single block (VPGIG) 20 ELP. AEAPTMS and a synthesized azidoacetic acid molecule were used to graft a thermosensitive PDMAEMA polymer. These surface modifications had to be performed in three steps, with intermediates that were not stable in solution.

Moreover, characterizing the reaction steps by NMR or TLC was rendered impossible because of the attachment of the chains onto the nanoparticles. Switching to a phosphonate anchor group allowed producing a fully chemically modified polymer or polypeptide beforehand. PEG was grafted onto the nanoparticles in a single final step, using a phosphonic acid-terminated PEG* synthesized separately, a strategy named "convergent". We also reported the grafting onto IONPs of recombinant polypeptides Another major challenge of this project was probing few nanometers of variations of brush thicknesses while simultaneously applying magnetic hyperthermia. A new fibre-based backscattering set-up enabled positioning a DLS remote-head as close as possible to the coil of a magnetic heating inductor to afford in situ probing of the backscattered light intensity, hydrodynamic diameter, and temperature. This approach provided a promising platform for estimating the response of magnetic and thermosensitive NPs to the application of a radiofrequency magnetic field. Hybrid magnetic and thermosensitive IONPs@PDMAEMA* nanoparticles were studied using this set-up, evidencing a reversible aggregation effect under magnetic hyperthermia. Other magnetic and thermosensitive systems were measured, as micelles, hollow spheres, and microgels. They proved to be responsive toward the application of magnetic hyperthermia, as they exhibited fast changes of hydrodynamic diameters. Hybrid magnetic and thermosensitive IONPs@ELP* 40-60 -Tat were studied using this set-up.

High temperature variations of the sample (up to 30 °C) could be obtained in few minutes by applying an AMF. Fast size changes of the magnetic core-thermosensitive shell nanoparticles were measured by dynamic light-scattering in situ while applying magnetic hyperthermia. Variations of the hydrodynamic size were compared to the classical polymer brush model revised for the highly curved surface of nanoparticles. We demonstrated that the ELP* 40-60 -Tat chains were extended at high grafting densities, leading to an increase of hydrodynamic diameters. Moreover, larger variations of amplitude of diameters were obtained under magnetic hyperthermia. IONPs@ELP* 40-60 -Tat nanoparticles exhibited a diminution of diameter under magnetic hyperthermia, contrary to IONPs@PDMAEMA*.

This was attributed to the stabilizing effect of the hydrophilic (VPG(A/G)G) 60 block.

In vitro studies were performed on hybrid IONPs@PEG* nanoparticles. What started as preliminary and control tests for IONPs@ELP* 40-60 -Tat ended up as a full study of the monocore vs.

multicore effect on cell internalization and cytotoxicity. The interaction of IONPs@PEG* with a human glioblastoma cell line was studied, from the internalization pathway of the nanoparticles inside cells to the remotely magnetically induced cytotoxicity. Cellular internalization of IONPs@PEG* was observed by confocal, bright field and transmission electron microscopy, flow cytometry, and fluorescence imaging. We evidenced the influence of the dose of IONPs@PEG* during incubation over the internalization. We showed that IONPs@PEG* were most certainly internalized by micropinocytosis and ended-up in lysosomes. Few tens of millions of nanoparticles entered the cells without major impacts over cells viability. We also demonstrated a large cytotoxic effect of magnetic hyperthermia. This investigation highlighted the superior efficiency of multicore vs monocore IONPs, leading up to 90 % cancer cells death.

In vitro and in vivo experiments were carried on IONPs@PEG* and IONPs@ELP* 40-60 -Tat nanoparticles. Using identical iron oxide monocore nanoparticles allowed comparing the surface modification effect in biological conditions. Cellular internalization and toxicity assays were performed on a human glioblastoma cell line in view of applications for drug delivery activated magnetically. Superior cellular uptake of IONPs@ELP* 40-60 -Tat was evidenced compared to properties have yet to be tested in biological conditions. Title of the thesis: Synthesis of magnetic and thermosensitive iron oxide based nanoparticles for biomedical applications.

Abstract: This thesis reports the development of hybrid nanoparticles made of an inorganic iron oxide core and an organic shell for medical applications. Iron oxide nanoparticles (IONPs) were produced by the polyol pathway, leading to a good control over their crystallinity and morphology (monocore or multicore). IONPs with diameters in the range of 4 to 37 nm were produced. Their properties as MRI contrast agents were assessed and compared, for possible theranostic applications. They can be used for treating cancer by magnetic hyperthermia, and as contrast agents for MR imaging. The surface of the IONPs was modified to bring stability in biological conditions, as well as new functionalities.

Poly(ethylene glycol) was grafted for its stealth property, poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) and elastin-like polypeptides (ELPs) for their thermosensitive capabilities, and a DY700 fluorescent probe was grafted for tracking nanoparticles in vitro and in vivo. The magnetic and thermosensitive properties of the nanoparticles were studied using a unique set-up combining magnetic hyperthermia with dynamic-light scattering. This set-up allowed measuring the elevations of temperature of the samples as well as variations in diameter and backscattered intensity. Monocore and multicore IONPs grafted with PEG, and monore IONPs grafted with a diblock ELP were tested in vitro. Their interactions with glioblastoma cells were studied, from the internalization pathway inside the cells to their cytotoxic effect (up to 90 %) under magnetic hyperthermia. In vivo, nanoparticles intravenously injected in mice accumulated in the tumors. Intratumoral administration followed by magnetic hyperthermia treatment led to elevations of temperature of up to 10 °C, with a significant effect on the tumor activity.

Figure 1

 1 Figure 1 Images TEM de nanoparticules d'oxyde de fer monocoeurs et multicoeurs. a) 36ff (32.3±5.0 nm), b) 35ff (29.1±4.4 nm), c) 34ff (18.5±3.2 nm), d) 32ff (14.5±3.4 nm), e) 31ff (27.5±4.2 nm), f) 30ff (46.9±8.5 nm), g) 15ff (36.9±4.8 nm), et h) 17ff (4.3±1.1 nm). Les valeurs entre parenthèses correspondent aux diamètres moyens, associés à leurs deviations standards respectives.

Figure 2

 2 Figure 2 Schéma de synthèse convergente présentant le greffage d'un dibloc ELP* 40-60-Tat sur des IONPs. La deuxième grande étape de ce projet était la fonctionnalisation des nanoparticules en modifiant leurs surfaces. L'objectif était d'apporter de la stabilité aux coeurs magnétiques en solution et potentiellement en conditions biologiques. La surface des nanoparticules a d'abord été modifiée par un aminosilane, suivi d'une molécule de liaison avant le greffage final d'un polymère ou d'un ELP. L'aminosilane a permis de faire le lien entre la surface inorganique d'oxyde de fer et la couronne organique à greffer. La bonne affinité du groupement silanol envers l'oxyde de fer a permis l'attachement de cet agent de surface, et ainsi introduit des groupements amines sur les IONPs. En sélectionnant une molécule de liaison appropriée, les polymères et polypeptides d'intérêt ont été liés de manière covalente avec les amines présentes à la surface des nanoparticules. L'aminosilane commercial AEAPTS et la molécule de liaison GMBS ont été utilisés pour greffer un ELP thermosensible mono-bloc (VPGIG) 20 . L'AEAPTMS et une molécule de liaison synthétisée (acide azidoacétique) a permis de greffer le polymère thermosensible PDMAEMA. Ces modifications de surface se sont déroulées en trois étapes, avec des intermédiaires de réaction peu stables en solution. De plus, les caractérisations par des méthodes classiques (RMN, TLC) étaient impossibles du fait de l'immobilisation des molécules à analyser à la surface de nanoparticules solides et magnétiques. Des polymères et ELPs ont pu être entièrement modifiés avec une ancre phosphonate avant greffage en changeant de stratégie de synthèse. L'agent de surface acide aminoéthylphosphonique (AEP) a ainsi été utilisé à la place de l'AEAPTMS. Un polymère thiol-PEG a été modifié avec l'AEP et le GMBS (ensuite noté PEG*), purifié, puis greffé en une seule étape à la surface d'IONPs. Un ELP recombinant composé d'un dibloc (VPGVG) 40 -(VPG(A/G)G) 60 et d'un peptide de pénétration cellulaire dérivé du Tat a également été modifié en introduisant une ancre phosphonate (ensuite noté ELP* 40-60-Tat ). Le bloc (VPGVG) 40 de l'ELP a présenté des propriétés thermosensibles, avec une température de transition de 35 °C en solution. Le bloc (VPG(A/G)G) 60 de l'ELP hydrophile ea permis d'apporter de la stabilité à la nanoparticule IONPs@ELP* 40-60-Tat coeur-écorce en solution. A notre connaissance, c'est la première fois que des ELPs ont été greffés à la surface de nanoparticules d'oxyde de fer. Une grande attention a

Figure 3 a)

 3 Figure 3 a) Illustration de l'instrument d'hyperthermie magnétique couplé avec une DLS: l'échantillon (IONPs@ELP* 40-60-Tat dispersé dans l'eau) contenu dans une cuvette a été placé dans une bobine d'induction à quatre spires (1), et thermalisé avec une double paroi en verre dans laquelle circulait de l'eau (2) tout en mesrant l'échantillon par DLS (3). b) La température de l'échantillon (losanges noirs) a été mesurée pendant l'application d'un profil de champs magnétiques (ronds verts). c) Les variations de diamètres hydrodynamiques(moyennés en intensité) ont été mesurés sous application de champs magnétiques (triangles rouges) ou sans application de champs magnétiques (carrés bleus). d) Les diamètres hydrodynamiques ont été représentés en fonction de la température sous application de champs magnétiques (triangles rouges) ou sans application de champs magnétique (carrés bleus).

  * ont été étudiées, montrant une agrégation réversible sous hyperthermie magnétique. D'autres systèmes magnétiques et thermosensibles ont été également mesurés par ce moyen : des micelles, des sphères creuses, et des microgels. Les nanoparticules hybrides IONPs@ELP* 40-60-Tat précédemment synthétisées ont été elles-aussi étudiées. Des variations importantes de température de l'ordre de 30 °C ont été mesurées, pouvant être obtenus en quelques minutes en appliquant un champ magnétique alternatif. De rapides diminutions de diamètres hydrodynamiques ont été relevées par DLS, in situ, sous hyperthermie magnétique. Les variations de taille ont été comparées avec des modèles de brosses adaptés aux forts rayons de courbures présentés à la surface des nanoparticules. Nous avons démontré qu'à plus forte densité de greffage, les chaines ELP* 40-60-Tat sont étirées, amenant à un plus large diamètre hydrodynamique. De plus grandes variations de hauteurs de brosses ont aussi été mesurées sous hyperthermie magnétique. Contrairement aux IONPs@PDMAEMA*, les diamètres ont diminué sous hyperthermie magnétique. Cela a été attribué à la déshydratation et raccourcissement du bloc (VPGVG) 40 et à l'effet stabilisant pour les IONPs du bloc (VPG(A/G)G) 60.

Figure 4

 4 Figure 4 Distribution intracellulaire de IONPs@PEG* dans des cellules de glioblastome U87. Les cellules ont été incubées avec des IONPs@PEG* conjuguées à une sonde fluorescente DY700* (rouge) pendant 24 h à 100 μg⋅mL -1 . Les cellules incubées ont ensuité été visualisées par microscopie à fluorescence confocale, avec un grandissement de 63×. Le noyau (bleu) a été marqué avec la sonde fluorescente Hoechst 33342 (2 μg⋅mL -1 ), les lysosomes (vert) avec le Lysotracker™ green (100 nM).

Figure 5

 5 Figure 5 Signal de fluorescence des IONPs@ELP* 40-60-Tat et IONP@PEG* 30 min après administration intraveineuse, et signal en bioluminescence des tumeurs. Des expériences in vitro et in vivo ont ensuite été menées avec les nanoparticules IONPs@PEG* et IONPs@ELP* 40-60-Tat . L'effet de la modification de surface sur les interactions avec les cellules et tumeurs a été évalué, en utilisant des coeurs identiques. Ces tests d'internalisation cellulaire ont été effectués eux-aussi sur des cellules à glioblastome. Une internalisation cellulaire supérieure des IONPs@ELP* 40-60-Tat comparé aux IONPs@PEG* a été observée, probablement grâce à l'effet pénétrant du groupement Tat. L'internalisation dans les lysosomes a été démontrée par microscopie électronique sur des microtomes, et par microscopie confocale sur cellules vivantes. La toxicité cellulaire après application d'hyperthermie magnétique a été attribuée à la rupture des lysosomes et à la fuite de leur contenu dans le cytosol. Cette observation valide l'utilisation de nanoparticules magnétiques pour des applications de délivrance de principes actifs. Une des grandes problématiques de la vectorisation de médicaments étant le piégeage des médicaments dans les compartiments d'internalisation cellulaire, l'application d'un champ magnétique couplé à des vecteurs magnétique peut permettre leur libération dans le cytosol. Une autre observation intéressante a été le partage des nanoparticules entre cellules filles lors de divisions cellulaires. Ainsi, les champs magnétiques peuvent être potentiellement appliqués successivement sur des durées supérieures au cycle de vie des cellules. Des expériences préliminaires in vivo ont montré l'effet positif du Tat comparé aux brosses de PEG sur la bio-distribution des nanoparticules, avec une accumulation plus importantes des IONPs@ELP* 40-60-Tat dans les tumeurs. Pour conclure, des nanoparticules IONPs@ELP* 40-60-Tat ayant des propriétés magnétiques, thermosensibles, et de pénétration de cellules ont été synthétisées. D'autres systèmes ont aussi été synthétisés et étudiés, principalement en tant que « prototypes ». La mise en place de synthèses, de méthodes, et de moyens de caractérisations sur des systèmes moins précieux a permis ensuite de mener une étude complète sur les IONPs@ELP* 40-60-Tat . Les coeurs d'oxyde de fer synthétisés par polyol ayant les morphologies les mieux définies et les meilleures propriétés magnétiques ont été réservées pour greffer l'ELP* 40-60-Tat . La stratégie de greffage convergente a été optimisée sur des brosses de PEG* pour comprendre les différents régimes de densité de greffage et de conformation de chaîne, avant d'appliquer ces principes à l'ELP* 40-60-Tat . De cette manière, des nanoparticules hybrides IONPs@ELP* 40-60-Tat ont été synthétisées, avec des propriétés d'intérêt en tant qu'agents de contraste

  , in collaboration with the National Aeronautics and Space Administration (NASA), were the first in 1965 to prepare ferrofluids intended for magnetically driven pumps in the Explorer-17 satellites, by a grinding procedure of iron oxide powders for several weeks in the presence of surfactants.[22] Twelve years later, the 1 st International Advanced Course on the Thermomechanics of Magnetic Fluids took place in 1977 in Italy, gathering experimentalists and theorists from both sides of "the iron curtain", launching the cycle of the International Conference on Magnetic Fluids that still takes place regularly.

Figure 3

 3 Figure 3 Plot of La Mer model for the generation of atoms, nucleation, and subsequent growth of colloidal synthesis (LaMer and Dinegar 1950).[23] 

Figure 5

 5 Figure 5 TEM images of γ-Fe 2 O 3 particles obtained by using an hydrothermal treatment (T = 200 °C) for a) t = 2 h, pH = 12 (soluble particles); b) t = 2 h, pH = 12 (insoluble fraction); c) t = 24 h, pH = 12; d) t = 2 h, pH = 14. [22] Single crystals can be synthesized from aqueous solutions at mild temperature and then transferred into a Teflon-lined stainless autoclave to perform a hydrothermal treatment. Combining a high temperature (usually around 200°C) and a high vapor pressure, such treatment favors the Ostwald ripening, by which the smallest crystallites are dissolved into the largest ones, increasing the average size and the crystallinity. This cost-effective and environmentally friendly route initially developed by von Schafhäutl in 1845 to grow microscopic quartz crystals has been used to produce various

  et al. described the synthesis of ferrite@ferrite core-shell MNPs by thermal decomposition of MnCl 2 and Fe(acac) 3 in the presence of oleic acid, oleylamine and trioctylamine and CoFe 2 O 4 seeds suspended in hexane.[51] The magnetically hard core coupled with the magnetically soft shell leads to an exchange interaction resulting in thirty-four times enhancement of the specific absorption rate (SAR, physical magnitude related to MNPs heat dissipation which is discussed in details in the next sections) with respect to the commercial FDA approved iron oxide Feridex™ MNPs at same field intensity and frequency. This approach was further extended by Gavrilov-Isaac et al. who recently described the synthesis of trimagnetic multishell MnFe 2 O 4 @CoFe 2 O 4 @NiFe 2 O 4 in order to tune the coercive field and, ultimately, SAR.[52] 

Figure 11

 11 Figure 11 Mismatch between gadolinium-and ferumoxtran-10 enhanced images obtained at baseline in a 23year-old woman with active relapsing-remitting multiple sclerosis without disease-modifying treatment. Left, axial unenhanced T 2 -weighted image shows multiple hyperintense lesions. Middle, axial gadolinium-enhanced T 1 -weighted image shows three enhanced lesions (arrows). Right, axial T 1 -weighted image obtained 24-48 hours after injection of Ferumoxtran-10 shows the same three lesions along with three additional active lesions that enhanced only with ferumoxtran-10 (arrows).[34] The introduction of superparamagnetic nanoparticles induces local magnetic field gradients which accelerate the loss of phase coherence of the proton spins contributing to the NMR signal, improving the relaxation mechanism and contrast, as seen on Figure 11.[70, 71] The spin-lattice and

Figure 13 a)

 13 Figure 13 a) Instrumentation to generate an alternating field. b) Néel and Brownian relaxation processes of magnetic moments involved in heat dissipation during magnetic hyperthermia.[18]

Figure 14 a

 14 Figure 14 a,b) Pre-treatment brain MRI. c,d) Post-instillation CT showing magnetic nanoparticle deposits as hyperdense areas. Isothermal lines indicate calculated treatment temperatures between 40C° (blue) and 50 °C (red). The brown line represents the tumor area. e,f) 3-D reconstruction of fused MRI and CT showing the tumor (brown), magnetic fluid (blue) and thermometry catheter (green).[8]

Figure 19

 19 Figure 19 Hydrolytic Deposition of Silanes (adapted from: B. Arkles, CHEMTECH, 7, 766, 1977)

Figure 20

 20 Figure 20 Structures of various silanes.[108]

Figure 21

 21 Figure 21 Two possible binding schemes for phosphonate ions to surface Fe 3+ ions.[110]

Figure 22

 22 Figure 22 Representative bioconjugation chemistry of inorganic NPs.[119] Thanks to the large quantity of possible starting materials it is possible to build a vast library of product compounds with biological potential and medical chemistry applications [120]. These bioconjugation strategies are illustrated in Figure 22. Another widely used synthesis pathway is the formation of amide bond. It is quite a convenient reaction to couple a carboxylic function and a primary or secondary amine. In this reaction, coupling agents like N-(3-dimethylaminopropyl)-N′ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) are often used to improve the reaction's kinetic and yield. A study by Nakajima and Ikada accepted as true and often referenced to enlightens the reactions conditions, mechanisms and the stability of the resulting product.[121] This

Figure 17 .

 17 Figure 17. Conformation of a chain grafted onto a surface as a function of grafting density.

Figure 23

 23 Figure 23Transition between the ''mushroom'' regime and ''true brush'' regime.[126] 

Figure 24

 24 Figure24 Wet thickness of the PAAm brush (H) as a function of the PAAm brush grafting density.[127] 

Figure 24 .

 24 Figure 24.

Figure 26

 26 Figure 26 Temperature vs. polymer volume fraction. a) LCST behavior and b) UCST behavior.[138] Several thermoresponsive polymers have been described in the litterature, such as poly(Nisopropylacrylamide) (PNIPAM), triblock PEO-PPO-PEO copolymers (Pluronics, Poloxamers), poly(N,N'-diethylacrylamide) (PDEAAm) among others. Thermosensitive core-shell nanoparticles with inverse dependence of particle size with temperature have been reported, with non-magnetic or magnetic cores.[139] Systems containing a magnetic core and a thermosensitive polymer shell with a LCST a few degrees (Celsius) above the human body temperature are of interest as magnetic drugtargeting delivery systems and MRI contrast agents.[140]

Figure 27

 27 Figure 27 Cryo-TEM micrographs of a 0.2 wt % aqueous suspension of the PS/PNIPAM core-shell particles. The sample was maintained at a) 23 and b) 45 °C before vitrification. The core consists of polystyrene and the corona of cross-linked PNIPAM with BIS. The circle around the core marks the core radius determined by dynamic light scattering in solution. The circle around the entire particle gives the hydrodynamic radius RH of the core-shell particles, again determined by dynamic light scattering.[141] DLS measurement of hydrodynamic diameters and scattered intensities upon macroscopic temperature variations is a convenient way to measure the thermoresponsive properties of such coreshell nanoparticles. The measurement has a nanometric resolution and the set-up is automatized on Malvern instruments for example. Kurzhals et al. reported IONPs grafted with PNIPAM that

Figure 28

 28 Figure 28 Biosynthesis of a recombinant ELP. (Illustration from R. Petitdemange PhD thesis).The ELP genes are typically expressed in E. Coli, through the insertion of a plasmid (Figure28). The bacteria are then fermented in the appropriate growth medium, leading to the development of the colony and the production of the ELP (following the strategy of production). The extraction and purification steps makes use of the thermosensitive properties of the ELP, through a separation process called inverse transition cycling (ITC), a method reported byMcPherson et al.[149]. The bacteria are collected by centrifugation. Following the application of freezing/thawing cycles and sonication, the

Figure 29

 29 Figure 29 Proposed self-assembly mechanism of formation of diblock ELP nanoparticles.[151]More complex systems of diblock ELPs with a hydrophobic ELP segment fused to a hydrophilic ELP block lead to the formation of dispersable objects of smaller dimensions (Figure29).[151] Soluble unimers self-assemble into mono-disperse spherical micelles above their critical micellar temperature (CMT). These assemblies are directed by the selective dehydration of the hydrophobic segment which form the core of the micelles, while the hydrophilic segment remains solvated and stabilizes the self-assembly. The lengths and compositions of the two blocks of the ELP influence the dimensions of the micelles as well as the CMT. The nano-objects can be stabilized by cross-linking to withstand interactions with bovine serum albumin (BSA).[152] They can also be decorated with tumor targeting ligands by addition of a terminal peptide to the diblock ELP.[153] 

Figure 30

 30 Figure 30 Confocal laser scanning microscopic images of H226 cancer cells treated with 10 mM of [AP1-V 12 ] 6 , AP1, or [V 14 ] 6 at 37 °C (AP1 is a tumor targeting peptide, V 12 is an ELP (VPGVG) 12 , V 14 is an ELP (VPGVG) 14 ). Representative confocal images of three experiments (scale bar 20 mm). Right panels: Examination of [AP1-V 12 ] 6 , AP1 and [V 14 ] 6 cellular location by Z-section scanning of confocal microscopic images. Representative confocal images of three experiments (scale bar 10 mm).[158]Interestingly, in this example AP1 binds to the surface of the cells while [AP1-V 12 ] 6 binds to and penetrates the cells. This illustrates that the molecular construction is important to direct interactions in biological media, but the assembly into objects of nanometer size strongly influences the uptake and internalization pathway in cells, as described in the next section.

Figure 31

 31 Figure 31 Effect of CPP-ELP-fluorescein concentration on cellular uptake as expressed in relative fluorescence units (RFU) normalized to uptake of 5 μM ELP. Increasing concentrations of polypeptides were incubated with HeLa cells at 37 °C for 1 h. Results are represented as mean±SEM of three independent experiments.[159]CPPs are interesting for drug delivery applications as they translocate through the cellular plasma membrane. They can be coupled to oligonucleotides, nanoparticles or proteins. CPPs have been shown

Figure 32

 32 Figure 32 Schematic illustrating the influence of PEG density on serum protein adsorption to gold nanoparticles and their subsequent uptake by macrophages. The top panel shows as-synthesized gold nanoparticles grafted with PEG at increasing density. As PEG density increases, PEG volume decreases as a result of PEG-PEG steric interactions. The middle panel illustrates how PEG density determines the amount and relative abundance of serum proteins adsorbed to the gold nanoparticle surface after serum exposure.

Figure 33

 33 Figure33 Passive targeting of nanoparticles to tumors through the enhanced permeability and retention (EPR) effect. Angiogenic vessels in rapidly growing tumors are abnormally constructed with large vascular fenestrae and impaired lymphatic drainage. As a result, particles <200 nm preferentially accumulate in the tumor interstitium. Post-extravasation, intracellular uptake of ligand-targeted liposomes is facilitated by receptormediated endocytosis.[165] 

Figure 34

 34 Figure 34 Principal nanocarrier internalization pathways in mammalian cells. A Phagocytosis is an actin-based mechanism occurring primarily in professional phagocytes, such as macrophages, and closely associated with opsonization. B Clathrin-mediated endocytosis is a widely shared pathway of nanoparticle internalization, associated with the formation of a clathrin lattice and depending on the GTPase dynamin. C Caveolae-mediated endocytosis occurs in typical flaskshaped invaginations of the membrane coated with caveolin dimers, also depending on dynamin. D Macropinocytosis is an actin-based pathway, engulfing nanoparticles and the extracellular milieu with a poor selectivity. E Other endocytosis pathways can be involved in the nanoparticle internalization, independent of both clathrin and caveolae.[168]

Figure 35

 35 Figure 35 Schematic of endocytosis and exocytosis patterns of nanoparticles. Nanoparticles enter the cell via four types of pathway: clathrin/caveolar-mediated endocytosis, phagocytosis, macropinocytosis, and pinocytosis. Nanoparticles exit the cell via three types of pathway: lysosome secretion, vesicle-related secretion, and nonvesicle-related secretion.[170]

FeCl 2 •

 2 4H 2 O. 715 mL of FeCl 3 •6H 2 O were added into a 5 L beaker, later used for the reaction. After the complete dissolution of FeCl 2 , the solution obtained was poured onto the 5 L beaker, the resulting solution was completed at 3 L with distilled water and a mechanic agitator was used at 800 rotations per minute (rpm). At first, magnetite Fe 3 O 4 nanocrystals were synthesized from an alkaline coprecipitation. 1 L of a concentrated ammonia solution (7 mol) was quickly added onto the acidic iron salts mixture, which produced a black solid suspension almost instantaneously. After 30 minutes of stirring at 800 rpm, the Fe 3 O 4 IONPs were attracted by a strong ferrite magnet (152*101*25.4 mm 3 ,

Fe 8 O 8 OH 8

 888 Cl 1.35 , or hematite α-Fe 2 O 3 phase were eliminated by addition of a strong acid (nitric acid), and/or elimination of the supernatant. The partially oxidized magnetite Fe 3 O 4 product was completely oxidized into the more thermodynamically favored maghemite γ-Fe 2 O 3 phase. Samples produced in large quantities by co-precipitation synthesis were often stored for long durations and used in different projects. Hence, magnetite nanoparticles were oxidized into maghemite in order to characterize and store samples in the long haul.

Figure 3

 3 Figure 3 TEM micrographs of the different fractions obtained after the size-sorting process. a) C1C2, b) C1S2, c) S1C2, and d) S1S2 fractions. e) Corresponding size distributions. The different fractions were imaged by TEM to observe the morphologies of the IONPs (Figure 3 a-d). Visually, the fractions C1C2 and C1S2 presented large faceted objects as well as smaller spherical IONPs. The fractions S1S2 and S1C2 contained more homogeneous spherical IONPs. The size distributions of the four different fractions were estimated by measuring the diameters of the IONPs on TEM micrographs, and size-histograms were fitted to a log-normal distribution law.

  TEM images were acquired with an ORIUS™ SC1000 large format (11 MPx) camera. Samples were prepared by nebulizing IONP dispersions at 1 g•L -1 concentration on Formvar™ carbon-coated 200 mesh copper grids from Agar Scientific™ and leaving them to dry at room temperature. IONP size distributions were obtained by measuring more than 100 IONPs with the ImageJ freeware (https://imagej.nih.gov/ij/). Size-histograms were fitted to a log-normal distribution law of diameters P(d) with optimized values of median diameter α and non-dimensioned width β:

Figure 4

 4 Figure 4 TEM micrographs of γ-Fe 2 O 3 IONPs of mono-or multi-core morphology: a) 36ff (32.3±5.0 nm), b) 35ff (29.1±4.4 nm), c) 34ff (18.5±3.2 nm), d) 32ff (14.5±3.4 nm), e) 31ff (27.5±4.2 nm), f) 30ff (46.9±8.5 nm), g) 15ff (36.9±4.8 nm), and h) 17ff (4.3±1.1 nm).TEM sizes in parentheses correspond to the mean outer diameters and respective standard deviations.

Figure 5

 5 Figure 5 Chemical structures of a) diethylene glycol and b) N-methyldiethanolamineSurprisingly, using anhydrous iron(III) chloride instead of the hexahydrate compound did not allow producing magnetic IONPs, even when traces of water were added before heating (HU). This evidenced the critical role of water and its necessary presence in the starting iron salt precursors for the positive outcome of the reaction. In the polyol (DEG/NMDEA) synthesis, the solvents (Figure5) acted simultaneously as multivalent chelators for iron(II,III) cations, as well as a high boiling temperature medium to achieve a good control over the nucleation and separation from growth of IONPs. The chloride counter-ions of the iron(II,III) salts were thus exchanged by complexing solvent molecules and subsequently by hydroxide anions or by water molecules when adding the NaOH solution.

Figure 6

 6 Figure 6 NMR analyses of a) DEG, b) NMDEA and of c) the medium of synthesis before addition of water, after addition of water d) before and e) after reaction. Addition of water shifted the peak corresponding to hydroxyls, which was further shifted after reaction, most likely due to a variation of pH. The solvents did not undergo degradation during the reaction.

Figure 7 .

 7 Figure 7.In the case of the sole DEG solvent, amounts of water as large as 5 mL, representing 4.2 % of the total solvent volume or 275 mmol H 2 O molecules, were injected at reflux temperature with a syringe needle through a septum (hot injection, HI), generating much smaller IONPs, with diameters typically in the order of 3-5 nm. The fast introduction of a water excess at high temperature immediately generated a sudden nuclei burst, with a solution turning from deep green to black. This hot injection method led to UUSPIOs as there was a limited quantity of precursors in solution available for crystal growth. The time-scale of reaction was usually much shorter than when synthesizing larger IONPs in DEG/NMDEA. Typically, reactions in sole DEG were completed after only 15-20 min. When letting an aliquot of the reaction mixture at rest over a strong permanent magnet, the supernatant became colorless, evidencing the total conversion of the colored iron(II,III) organometallic precursors into a colloidal magnetite phase.

Figure 8

 8 Figure 8 High magnification TEM micrographs of γ-Fe 2 O 3 multi-core IONPs: a) 36ff, b) 35ff, c) 30ff, and d) 15ff. Distribution of e) grain sizes of the 15ff batch (7.4±1.4 nm), and f) outer diameter (36.9±4.8 nm), measured on TEM micrographs and log-normal fits.

Figure 9

 9 Figure 9 DLS correlograms and intensity-averaged distribution of diameters of a) 35ff multi-core IONPs (D h =36 nm, PDI=0.13), and b) 20ff UUSPIO mono-core IONPs (D h =16 nm, PDI=0.21). Values in parentheses correspond to the Z-average hydrodynamic diameter (D h ,) obtained from the 2 nd order cumulant fit, and polydispsersity index (PDI).

Figure 10

 10 Figure 10 DLS correlograms and intensity-averaged distributions of diameters. The 2 nd order cumulant fit led to the Z-average hydrodynamic diameter (D h ) and polydispsersity index (PDI).

Figure 11 a

 11 Figure 11 a) Temperature profiles vs. time of different samples of iron oxide concentration set at 3 g⋅L -1 , under application of an AMF at H app =10.2 kA⋅m -1 and f=755 kHz. b) Deduced SAR vs. mean diameter (determined by TEM) for mono-core (blue) and multi-core IONPs (red). Solid lines are power law fits of exponents 2.2 and 0.48, respectively.

Figure 12

 12 Figure 12 AC hysteresis loops of samples 31ff, 34ff and 35ff at 1023 kHz fixed frequency (left); SAR of samples 31ff, 34ff and 35ff versus field amplitude at different frequencies (right).

Figure 14 SAR

 14 Figure 14 SAR (left) and hysteresis area (right) versus applied magnetic field amplitude (H app ) of sample a) 31ff (multi-core IONPs of 27.5 ± 4.2 nm outer diameter) b) 34ff (smooth nanospheres of 18.5 ± 3.2 nm diameter) c) 35 ff (multi-core IONPs of 29.1 ± 4.4 nm outer diameter).

Figure 17

 17 Figure 17 ZFC-FC measurement by MPMS magnetometry and derivative d(M FC -M ZFC )/dT of the FC-ZFC curve difference for un-oxidized Fe 3 O 4 (a) and oxidized γ-Fe 2 O 3 (b) 15ff nanoflowers. The peak near 90K was ascribed to the Verwey transition.

Figure 18

 18 Figure 18 Longitudinal relaxivity of mono-core (a) and multi-core (b) IONPs. Transverse relaxivity of monocore(c) and multi-core (d) IONPs. All measurements were performed at 37°C on a 1.41 Tesla / 60 MHz Bruker mq60 relaxometer. In order to assess the efficiency of the different batches synthesized by the polyol route to relax nuclear spins of water protons, their transverse (r 2 ) and longitudinal (r 1 ) relaxivities were measured at physiological temperature (37 °C) with a 60 MHz relaxometer based on a 1.41 Tesla magnet (i.e. close to the 1.5 Tesla magnetic field of most clinical MRI machines used in hospitals)

Figure 19

 19 Figure19 Ratio of transverse (r 2 ) to longitudinal (r 1 ) relaxivities at 1.41 T/60MHz (37°C) vs. average TEM diameters of IONPs, for nanosphere (blue) and nanoflower (red) samples. Solid lines are power law fits of exponents respectively 0.92 and 0.48.
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 211 phenomenon was used to study the interaction of IONPs with vesicles at neutral pH, in collaboration with Mrs Er-Rafik (Institut Charles Sadron, Strasbourg, France). It was also employed as an intermediate before reaction with poly[dimethylsiloxane-co-(3-aminopropyl)methylsiloxane] PDMSco-APMS to yield hydrophobic nanoparticles that could be incorporated in the hydrophobic part of the membrane of vesicles, made themselve by the self-assembly of PEO-PDMS-PEO (block or graft) copolymers.[10] Materials and methods 1 L of an aqueous solution at 2 g•L -1 of PAA (Mw=6,000 g•mol -1 ), pH fixed at pH=2.5 with nitric acid was freshly prepared in a 5 L beaker. IONPs produced by co-precipitation (fraction S1S2) were diluted with water acidified at pH=2.5 with dilute nitric acid to reach a volume of 1 L and a concentration of 2 g•L -1 . The polymer solution was homogenized using a IKA Eurostar power controlvisc overhead mechanical stirrers, agitation speed set at 400-500 rpm, and the IONP dispersion was added. Instantaneous flocculation of the IONPs occurred. They were then sedimented over a strong permanent magnet (Calamit Magneti, Milano-Barcelona-Paris). The supernatant was removed and replaced with few mL of MilliQ water. The pH of the solution was carefully adjusted to pH=8 using dilute ammonia, leading to a spontaneous redispersion of the chemically modified nanoparticles, labelled IONPs@PAA.

Figure 1 a

 1 Figure 1 a) Synthetic scheme for the adsorption of PAA on IONPs and b) DLS diagram of the nanoparticles dispersed in aqueous conditions, at neutral pH.

2 . 2 . 2 . 2 . 1 .

 22221 surface modification of the IONPs with PAA took place in acidic conditions, with positively charged IONPs and mild negatively charged PAA polymer chains. The mixing of the two solutions led to a spontaneous change of stability of the IONPs, evidencing a fast interaction driven by attraction of the two reactants by their opposite charge signs. The IONPs readily flocculated, wich could indicate a loss of electrostatic stability due to the compensation and/or screening of their surface charge density. The surface modification strategy reported here was optimized by adding IONPs to the solution of PAA, and by decreasing the concentrations of PAA and IONPs during reaction to 1 g•L -1 . This allegedly prevented PAA chains from binding to more than one nanoparticle, and thus prevented irreversible aggregation. The IONPs were re-dipersed by renewing the supernatant which allowed removing the excess unreacted PAA. The solution pH was set in a range of 7-8 with dilute ammonia. The addition of a base led to a larger fractional charge of PAA, with a value of approximatively 0.5 according to Swift et al.[11] Said differently, half of the carboxylic acids were protonated at this solution pH. The polymer chain could be potentially tethered at one end (Figure1 a), though multiple sections alongside the chain were more probably grafted at the surface of the IONPs. The resulting IONPs grafted with PAA were stable in neutral conditions as evidenced by DLS (Figure1 b). Adsorption of Rhodamine123-modified poly(acrylic acid) Materials and methods 50 mg of PAA (Mw=5100 g•mol -1 , 10 μmol, corresponding to 0.5 mmol of repeat unit) was dissolved in 5 mL of DMF. 1.6 mg (0.012 equiv., 0.8 μmol) of 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC) (Alfa Aesar, 98+ %) and 1.6 mg (0.02 equiv., 1.4 μmol)

Figure 2

 2 Figure 2 Chemical modification of PAA with Rhodamine123 and adsorption of the polymer on IONPs (coprecipitation, fraction S1S2). PAA-Rhodamine was synthesized and grafted on IONPs (coprecipitation, fraction S1S2) to bring stability to the dispersion of nanoparticles and to allow the tracking of nanoparticles in solution (Figure 2). This was done with the purpose of monitoring the interaction of IONPs with vesicles' membranes by laser confocal scanning microscopy (LCSM). PAA (A) was reacted with EDC and NHS in DMF to produce a controlled fraction of repeat unit activated with NHS (B). Rhodamine123 then reacted with the NHS ester, resulting in the formation of an amide bond (C). Using DMF as a reaction solvent instead of water led to a better solubility of rhodamine123. PAA conjugated with rhodamine123 was then grafted onto IONPs (D) in order to bring strong electrostatic stability at neutral pH and fluorescence to the resulting core-shell IONPs (E).

Figure 3 a

 3 Figure 3 a) DLS diagram of the modified IONPs. b) IONPs grafted with the 1% rhodamine123-modified PAA were aggregated on purpose and observed with a confocal microscope in pseudo bright-field and c) fluorescence mode.

Figure 4

 4 Figure 4 General principle of a divergent surface modification strategy.

  azide 99.5% (NaN 3 ) was provided by Sigma Aldrich. Water used was MilliQ™ (18MΩ⋅cm conductivity). 3-(2-aminoethylamino)propyltrimethoxysilane 96% (AEAPTMS), and Nhydroxysuccinimide (NHS) were purchased from Alfa Aesar. Reagent grade anhydrous diethyl ether was from Baker. Bromoacetic acid, 1-ethyl-3-3-dimethylaminopropyl carbodiimide hydrochloride (EDC), diisopropylethylamine (DIPEA), ethylenediaminetetraacetic acid (EDTA) were from Acros Organics. AEAPTMS (530 μL, 2.4 mmol, representing an excess of 20 added molecules per nm 2 for S1S2) was grafted onto IONPs (420 mg, 5.25 mmol of Fe), in a mixture of solvents (10% water 90% ethanol) in acidic conditions (arising from the low pH of the ferrofluid) at first to hydrolyse the alkoxysilane into a hydroxysilane, followed by condensation with the Fe-OH moieties of iron oxide in neutral conditions for an hour, and boiling at reflux for another hour, a protocol adapted from Duguet and Mornet's patent.[12] The sample was then washed multiple times with methanol by a precipitation-redispersion process before being redispersed in water with a pH corrected to a value of 3 with dilute HNO 3 .Azidoacetic acid (AZ) was synthesized following a modified procedure from Srinivasan et al.[13] Sodium azide NaN 3 (107 mmol) was dissolved in 30 mL of distilled water and cooled down with an ice bath. Bromoacetic acid (51 mmol) was then added slowly and the mixture was let to warm to room temperature overnight. The chemical obtained via substitution was protonated by acidification and extracted in diethylether, dried over MgSO 4 and finally, after a rotavapor extraction of the solvent at 40°C and reduced pressure, a pale yellow oily liquid was obtained.Typically 1 equiv. of azidoacetic acid (0.83 mg, 8 μmol) with respect to primary amines was added to the IONPs aqueous solution (12 mg, 75 μmol Fe). 2 equiv. of EDC (3.14 mg, 16 μmol) and 1 equiv. of NHS (0.94 mg, 8 μmol) were then added and the pH was adjusted to 5. An "active" NHS ester was produced in situ, reacting with the primary amines at the surface of the iron oxide IONPs to form amide bonds. The mixture was let to react for 6 h and dialyzed against 5 L of milliQ™ water. Typically 1 equiv. of propargyl-terminated PDMAEMA (82 mg, 8.2 μmol), 2 equiv. of ascorbic acid (3.3 mg, 16.4 μmol), and 0.5 equiv. of CuSO 4 (0.65 mg, 4.1 μmol) were added to the IONPs (12 mg, 75 μmol of Fe) functionalized with the clickable azido moiety (by the previous step) in DMF. The mixture was let to react overnight and dialyzed against 5 L of a 10 mM EDTA solution to

Figure 5 a)

 5 Figure 5 a) Equilibrium of charge of the tertiary amine. b) pH-metric titration of PDMAEMA chains by NaOH (0.3 M) for the determination of the pKa=9.5 of the secondary amines moieties The solution behaviour of PDMAEMA chains in water is known to be both thermo-and pHsensitive. The tertiary amine of the PDMAEMA chains (Figure 5 a) was characterized by its respective value of dissociation constant pKa. As determined by acid-base titration (Figure 5 b), half of amines were protonated at solution pH lower than their pKa=6.8. This value was close to the reported value for PDMAEMA 7.5.[14] The pKa values of tertiary amines usually are within the range of 10-11, which shifts to a lower value because of the neighboring group effect upon polymerization.

Figure 6

 6 Figure 6 Scheme showing the successive reaction steps to build the magnetic thermosensitive IONPs. The original maghemite (γ-Fe 2 O 3 ) IONPs (A) was reacted in a sol-gel reaction with the AEAPTMS organosilane to introduce primary amines (B). The IONPs were then grafted with an azide by formation of an amide bond facilitated by EDC and NHS (C). The IONPs were finally modified with the thermosensitive polymer PDMAEMA (D) using a copper assisted azide-alkyne cycloaddition (CuAAC).

Figure 7

 7 Figure 7 ATR-IR spectra of the reaction products (A) IONPs, (B) IONPs@AEAPTMS, (C) IONPs@AEAPTMS-AZ and (D) IONPs@AEAPTMS-AZ-PDMAEMA

Figure 8 8 .

 88 Figure 8 TEM micrograph showing IONPs@AEAPTMS-AZ-PDMAEMA exhibiting core-shell structure.TEM micrographs evidenced iron oxide cores showing as dark spherical nano-objects, and the corona with a lighter shade of grey as shown in Figure8. The difference of contrast between the core and the shell of the nanoparticles comes from the higher density of electrons of the inorganic iron oxide as compared to the carbon-based shell. The TEM micrograph allowed observing the final hybrid core/shell inorganic/organic morphologies of the nanoparticles. They appeared well-distributed in term of iron oxide core diameters and in term of corona thickness.Laser light scattering velocimetry was an effective way to estimate the sign and intensity of the charge at the surface of IONPs by the readout of the Zeta potential, deduced from the electrophoretic mobility by the Smoluchowski equation. In the double-layer model of charged colloids, the Zeta potential is defined as the electric potential interface at the stationary layer, i.e. the shear plane inside the solvent in the motion of the IONPs relative to solvent under the action of the electromotive force. Charged particles were better dispersed in water because they bore charges of the same sign and thus exhibited repulsive interactions between each other. It is commonly accepted that an absolute value |Zeta|=25 mV sets the limit between minimally and highly charged particles. Pristine IONPs bore hydroxyl groups at their surfaces and were uncharged at neutral pH, meaning that the isoelectric point of this amphoteric material was determined at pH(I)∼7.5 (equal number of Fe-O -and

Figure 9

 9 Figure 9Zeta potential vs. pH for acidic IONPs (A, red circles), aminosilane grafted IONPs@AEAPTMS (B, blue squares), cross-linker grafted IONPs@AEAPTMS-AZ (C, black triangles) and finally thermosensitive IONPs@AEAPTMS-AZ-PDMAEMA (D, green diamonds). PDMAEMA-coated IONPs were charged over the whole acidic pH range up to pH=6.5.

  Broth (Lennox) was from Sigma Aldrich. The yeast extract was from Biokar diagnostics. D+ glucose, PBS 1X and isopropyl b-D-1-thiogalactopyranoside (IPTG) were from Euromedex. The autoclave Varioklav® was from Thermo Scientific. The incubator Innova® 43 was from New Brunswick. The spectrometer SpectraMax M2e was from Molecular Devices. The centrifuge Avanti J-E used to concentrate precultures and cultures was from Beckman Coulter. The centrifuge 5804 R used for other puposes was from Eppendorf. Complete Mini EDTA-free protease inhibitors were from Roche. The ultrasonic processor 75186 was from Vibra-Cell™. The oven was from Bioblock Scientific. N,N-diisopropylethylamine (DIPEA) was from Alfa Aesar. N-γ-maleimidobutyryloxysuccinimide ester (GMBS) was from TCI Europe. Dimethyl Sulfoxide (DMSO) was from Fisher.

  as insoluble proteins. The ELP 20 was recovered from the cell lysate by inverse transition cycling (ITC); a method based on the natural thermosensitive property of the ELP, avoiding time-consuming and expensive chromatography purification techniques. The bioproduction of ELP 20 led to few tens of mg of material, which purity could be assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

Figure 10

 10 Figure 10 Synthetic scheme of the surface modification of IONPs with the ELP 20 .

  (B)) and carry the grafting reaction in two steps. The first step was the amide bond formation between the AEAPTMS-modified IONPs and the NHS-activated GMBS (Figure6(C)). The reaction was performed using DIPEA as a base to deprotonate the amine, and in anhydrous DMSO to prevent the hydrolysis of the NHS ester. The second step was the Michaeltype addition of the thiol from the C terminated Cysteine residue of the ELP 20 on the maleimide functional group of GMBS. DMSO was a suitable solvent for this reaction, as it could solubilize ELP 20 at room temperature, and therefore made the thiol more accessible for the chemical modification. A hybrid core-shell organic-inorganic nanoparticle (Figure6(D)) was produced this way.

  ELP 20 tethered at the surface of the IONPs in a range of 3-31. These parameters were intuitively evaluated when preparing the reaction. A dimensionless number that was later discovered as useful to try and describe the state of the tethered chains at the surface of the IONPs was the reduced tethered density Σ. It allowed estimating the crowding of the surface of the IONPs with the ELP 20 chains. With ranges of values from 0.6 to 5.5, the chains were expected to be in the so-called mushroom-to-brush regime.

Figure 11

 11 Figure 11 TEM micrograph of the core-shell structure of IONP@ELP 20 .

Figure 12

 12 Figure 12 Thermogravimetric analyses of a) the ELP 20 and b) IONPs functionalized with the ELP 20 .
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 1411 Grafting of poly(ethylene glycol) and a fluorescent dye onto iron oxide nanoparticles Materials and methods1 equiv. (300 mg, 50 μmol) of poly(ethylene glycol) methyl ether thiol (mPEG-SH, average molar mass M n =6,000 g⋅mol -1 , Sigma Aldrich) was reacted with 1 equiv. (14 mg, 50 μmol) of tris(2carboxyethyl)phosphine hydrochloride (TCEP) (98%, ACROS Organics) in 50 mM phosphate buffer (PB) pH 7.4 for 24 h to reduce the disulphide bonds and (mPEG-S) 2 dimer content, thus leading to reactive free thiol groups. In parallel, 20 equiv. (125 mg, 1 mmol) of AEP was reacted with 5 equiv.(70 mg, 250 μmol) of N-succinimidyl 4-maleimidobutyrate (GMBS, TCI Europe) in PB for 24 h in an ice bath. Both solutions were then mixed and let to react for 24 h, and finally purified by dialysis against milliQ water for 72 h, using a 5 kDa membrane, and replacing 6 times with milliQ water. (The phosphonate-activated PEG was then reffered to as PEG*) The final product was lyophilized and stored at -24 °C. The NHS-ester modified DY700 fluorescent probe (Dyomics, Germany) was reacted with 1.5 equiv. of 2-aminoethylphosphonic acid (AEP) (Sigma Aldrich) in DMSO for 24 h at room temperature and under orbital agitation, before long-term storage at -20 °C. The phosphonate activated DY700 (reffered to as DY700*) was then grafted onto IONPs in water acidified to pH=2.5 with dilute nitric acid. After 1h, 30 % (16 %) w/w of PEG* was added to the dispersion of monocore or multicore IONPs. These proportions led to theoretical grafting densities of 𝜎 = 1 𝑂 2 = ⁄ 0.64 molecular chains per nm 2 or reduced tethered densities 𝛴 = 𝜋𝑅 G 2 𝑂 2 ⁄ = 15 according to our calculations, using scaling laws reported by Devanand (𝑅 G (nm) = 0.0215 • 𝑀 n 0.583 )[18] or by Le Coeur et al. (𝑅 G (nm) =

Figure 14

 14 Figure 14 Chemical modification of PEG in order to introduce a phosphonic anchor group.

Figure 15 1 H

 1 Figure 15 1 H NMR spectrum of the chemically modified PEG* in water. PEG* was then grafted onto IONPs in a single step. The reaction was carried out in acidic water, with IONPs being well-dispersed and the polymer solubilized. This allowed a better control over the grafting density, as the whole surface of iron oxide was available for modification as there was no aggregation effect. The IONPs grafted with PEG* were then purified by centrifugationredispersion. The number of PEG* chains per IONP was varied and controlled to form a brush. The conformation of the PEG* chains grafted at the surface of the IONPs was studied. A convenient dimensionless parameter to represent the state of the grafted chains is the reduced tethered density Σ. It was introduced by Brittain et al. to describe the brush regime with a single adimensional parameter.[20] Σ represents "the number of chains that occupy an area that a free non-overlapping polymer chain would normally fill under the same experimental conditions".

Figure 16

 16 Figure 16 Grafting of IONPs with PEG*.

Figure 17 a

 17 Figure 17 a) TEM micrograph of mono-core IONPs (batch 34ff). Stability test of 5 samples conjugated with PEG* at various reduced tethered densities Σ b) during grafting and c) after addition of Tris leading to a neutralization of the acidic solution. Monocore IONPs from the polyol batch 34ff (Figure 17 a) were mixed with the correct quantities of PEG* in conditions previously described. All dispersions were deep black during the surface modification as IONPs were stabilized in acidic solution by both electrostatic and steric repulsions (Figure 17 b). IONPs with Σ>5 were stable in solution after neutralization of the pH with tris(hydroxymethyl)aminomethane (Tris) buffer (Figure 17 c). The polymer chains grafted at their surface interacted and repelled the IONPs, while for Σ<5 the magnetic dipolar moments of the IONPs made them attract to each other, aggregate and sediment.

Figure 18 a

 18 Figure 18 a) TEM micrographs of multi-core IONPs (batch 30FF) and b) their size-distribution as measured by TEM. c) Stability test of 10 samples conjugated with PEG* at various reduced tethered densities Σ.

Figure 19 a)

 19 Figure 19 a) Stability study by DLS of IONPs (monocores, batch 34FF) grafted with PEG*. b) Structures of the molecules used to buffer the solutions.The stability of mono-core IONPs from the polyol batch 34FF in different buffers was studied by DLS and compared with IONPs grafted with PEG* (Figure19 a). The buffer selected were Tris,

Figure 20 a)

 20 Figure 20 a) Chemical modification of the fluorescent dye DY700. b) Thin layer chromatography (TLC) of the product of reaction vs time. c) Chemical yield of the reaction vs time. The NHS-activated DY700 fluorescent dye was reacted with AEP in DMSO (Figure 20 a). The reaction was monitored by depositing 1 μl of the solution on a silica TLC plate at determined durations (Figure 20 b). Two spots were eluted: top spots corresponded to DY700, bottom spots corresponded to DY700* which phosphonic acid anchor group bound at the surface of silicon oxide. This binding effect on a metal oxide was later advantageously used to tag the surface of IONPs with the fluorophore. The intensities of the spots were quantified allowing the determination of the chemical yield as a function of time (Figure 20 c). For this experiment it was hypothesized that the intensity was proportional to the quantity of molecule. The intensities were quantified using the gel function in ImageJ, a method widely used by biologists for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analyses.

Figure 21

 21 Figure 21 Grafting of the chemically modified fluorescent probe DY700* and PEG* onto the surface of an iron oxide nanoparticle in a simple one-step modification.

  a) and IONPs (Figure 22 b) were both colored. The supernatant of the first centrifugation was colorless (Figure 22Error! Reference source not found. c), evidencing that all IONPs were collected in the pellet, and that DY700* was bound to their surface. This binding behavior with iron oxide was similar to what was observed with silicon oxide TLC plates (Figure 20 b).

Figure 22 a

 22 Figure 22 a) Scheme of the purification of IONPs from the excess of DY700* fluorophore and PEG* stabilizer. Color of the solution of DY700* b) before and c) after addition of IONPs and PEG*. d) Color of the supernatant of the first centrifugation-redispersion cycle.

1

  equiv. (147 mg, 3.6 μmol) of ELP 40-60-Tat ((VPGVG) 40 -(VPG(A/G)G) 60 ) was reacted with 1 equiv. (1 mg, 3.6 μmol) of TCEP in 50 mM PB pH 7 for 24 h to reduce the disulphide bonds and

60 -Figure 23

 6023 Figure 23 Primary sequence of the diblock ELP 40-60-Tat used. a) Sequence of the two fused ELP blocks. b) Sequence of the leader containing a thiol used for the bioconjugation strategy. c) Sequence of the trailer; an arginin-rich Tat cell-penetrating peptide.

Figure 24

 24 Figure 24 Synthetic scheme of the convergent grafting-to strategy of diblock ELP 40-60-Tat post-modified with a phosphonic acid head group onto γ-Fe 2 O 3 IONPs. In order to achieve the grafting of diblock ELP 40-60-Tat onto γ-Fe 2 O 3 IONPs, an heterofunctional cross-linking agent 2-([4-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)butanoyl]amino)ethyl)phosphonic acid (referred to as AEP-GMBS) presenting a thiol reactive maleimide group as well as a phosphonic acid head group was synthesized. This cross-linker was produced in one step by reacting 2aminoethylphosphonic acid (AEP) with the commercial γ-maleimidobutyryloxysuccinimide ester (GMBS). This cross-linker was further reacted with the diblock ELP 40-60-Tat through a Michael-type addition onto the Cys residue of the terminal end of the ELP 40-60-Tat . Diblock ELP 40-60-Tat functionalized with the phosphonic acid anchor group were grafted onto the surface of IONPs in a single step. This bioconjugation was inspired by grafting strategies previously reported for grafting molecules with PEG side chains using mono-or bi-phosphonate anchoring groups.[27-29] At first, the colloidal stability of the un-grafted IONPs was preserved by keeping the nanoparticles in acidic conditions by addition of dilute nitric acid. The hydroxyls at the surface of the IONPs thus bore a positive charge preventing aggregation through electrostatic repulsions. After addition of the modified ELP* 40-60-Tat , their phosphonic anchor group covalently bound to the surface of the IONPs. With such convergent strategy, an immediate stabilization of the dispersion at slightly acidic pH could be obtained where the ELP* 40-60-Tat were simply mixed with the IONPs. Few characterization techniques were available to evaluate the chemical modification of the ELP 40-60-Tat with the phosphonic acid anchor group. ATR-IR and NMR were tried but the signals fromthe aminoethylphosphonic acid and the heterfunctional linker (AEP-GMBS) could not be observed,

Figure 25

 25 Figure 25 MALDI analysis of the ELP 40-60-Tat a) before and b) after chemical modification with the phosphonic acid anchor group.

Figure 26

 26 Figure 26 Thermogravimetric analysis of IONPs@ELP* 40-60-Tat . Thermogravimetric analysis of IONPs@ELP* 40-60-Tat all evidenced two degradations. A first one at around 150 °C corresponding to the desorption of water bound at the surface of the nanoparticles, and a second one at 230-260 °C attributed to the degradation of the brush of ELP* 40-60- Tat . The residue is mainly composed of the iron oxide cores.

Figure 27

 27 Figure 27 ATR-IR spectra of i) bare γ-Fe 2 O 3 IONPs and core-shell IONPs@ELP* 40-60-Tat at reduced tethered densities of ii) Σ=3.9, iii) Σ=6.0, and iv) Σ=10.

Figure 1 a)

 1 Figure 1 a) Illustration of set-up coupling a DLS instrument with an induction coil for magnetic hyperthermia experiments. b) Finite element model simulation for an AC current of 234 Amps. The position of the sample inside the coil is illustrated in a section plane. A novel in-house set-up was developed in order to measure the thermo-sensitive properties of magnetic nano-objects in solution (Figure 1 a). This set-up allowed measuring the hydrodynamic diameters by dynamic light scattering (DLS) in solution while applying magnetic hyperthermia, and recording simultaneously the temperature of the solution with an optical probe. The remote head of the VASCO Flex™ backscattering setup was located ∼8 cm from a cuvette placed in a glass water-jacket inside the 4-turn coil of 55 mm outer diameter. The stage maintained the optical path constant and held the cuvette inside the coil. It was made by 3D printing from a plastic material (insensitive to eddy currents). The radiofrequency power generator operating at f=755 kHz created a maximum induction B 0 =16.3 mT as measured by a scout coil and as calculated by a finite element model simulation for an AC current of 234 Amps (Figure 1 b). For combined DLS/MH experiments, the magnetic induction was held at a maximum field strength H 0 =10.2 kA•m -1 . In situ measurements were acquired simultaneously during the magnetic field application using the VASCO Flex™ remote head DLS instrument developed by Cordouan Technologies. This commercial instrument was developed within the SNOW FP7NMP-2010-SME-4 European project dedicated to in situ characterization of nanoparticles in either harsh environments or combined with another technique (e.g. small angle x-ray scattering) for quality control of nanomaterials production. The principle is based on light scattering

(

  http://www.femm.info), which showed calculated field values close to the experimentally measured ones (Figure 1. b). For the control experiment under a static (DC) magnetic field, the sample holder was placed inside a solenoid with 1000 turns (8.75 Ω) fed by a current from a DC generator (Française d'Instrumentation), the field intensity being measured with a Hall-effect probe (Lakeshore 425 gaussmeter).

  Small angle neutron scattering (SANS) experiments were performed at the Orphée neutron facility of LLB-CEA (Saclay, France) on the PAXY spectrometer equipped with a 2D (anisotropic SANS) detector. Micelles were suspended at a concentration of 0.6 mg⋅mL -1 in pure D 2 O, of neutron scattering length density SLD(D 2 O)=6.40×10 -6 Å -2 . The calculated SLD of iron oxide and ethyl glyoxylate monomer are SLD(γ-Fe 2 O 3 )=6.98×10 -6 Å -2 and SLD(EtG)=1.31×10 -6 Å -2 , respectively. The neutron scattering contrast of the micelles in heavy water thus arises almost exclusively from the hydrophobic Poly(EtG) block of the polymer, the hydrophilic PEG block being highly hydrated, thus having negligible contribution to the neutron scattering contrast. Three beamline configurations were used to cover overlapping scattering vector (q) ranges of 1.92×10 -3 -2.84×10 -2 , 1.05×10 -2 -0.154, and 3.19×10 -2 -0.427 Å -1 , with the following values of sample-to-detector distance D and neutron wavelength λ: D=7 m and λ=15 Å, D=3 m and λ=6 Å, D=1 m and λ=6 Å. The scattering intensity curves were divided by the transmission factor and subtracted from the incoherent background, before normalizing by the flat signal of a cuvette filled with light water to correct the detector efficiency, yielding the absolute intensity in cm -1 .

Figure 4

 4 Figure 4 Surface modification of IONPs (21ff or 32ff) with a hydrophobic coating of Beycostat. The chemical structure is represented from information available on the patent of the provider (CECA chemicals, France).

Figure 5 a)

 5 Figure 5 a) Picture of the dispersions after nano-precipitation showing the variation of color along with the FWR of IONPs. b,c) TEM micrographs of the magnetic micelles.

Figure 6

 6 Figure 6 DLS coupled with MH experiment in the case of a) the thermosensitive polymer, and b) the lightsensitive polymer. Baseline temperature of 72 °C.

Figure 7

 7 Figure 7 Small-angle neutron scattering of pure (BO14) or IONPs loaded (BO15) thermosensitive micelles, before or after heat treatment at 80 °C.

  a). The particles dispersed in water were analyzed by DLS using a Malvern NanoZS. The size versus temperature was measured from 20 to 60 °C with steps of 0.5 °C, each measurement consisting of 10 runs of 30 s. The graph obtained showed a decrease of hydrodynamic diameter along increasing temperature (Figure 8 b).

Figure 8 a

 8 Figure 8 a) TEM micrograph of the magnetic nano-rattles. b) Diameter of the nano-rattles versus temperature observed by DLS. c) Temperature of the sample vs. amplitude of magnetic field measured by an optical fibre during magnetic hyperthermia. d) Diameter of the sample vs. amplitude of magnetic field measured by DLS during magnetic hyperthermia.

A

  collaboration with the team of Pr. Laurent Billon (Université de Pau et des Pays de L'Adour, Equipe de Physique et Chimie des Polymères, Pau, France) led to the measurement of magnetic and thermosensitive microgels. Smart oligo(ethylene glycol)-based microgels loaded with magnetic IONPs were received.[20, 21] They were analyzed with the DLF/MH set-up to observe their thermosensitive response under magnetic hyperthermia. As for the precedent section, the sample had to be concentrated in order to produce larger variations of temperature under MH.

Figure 9

 9 Figure 9 in situ DLS/MH results obtained for the MB106 sample with an IONP feed weight ratio of 20% relatively to copolymer. Hydrodynamic diameters measured by 2 nd order cumulant analysis (blue squares), backscattered light intensity on the photodetector (green diamonds) and temperature (red circles) measured by the optic fiber probe were recorded and plotted vs. time (a).Hydrodynamic diameter (blue squares) and backscattered intensity (green diamonds) plotted vs. temperature (b). Iron oxide concentration was 9.0 g•L -1 , with a pH value of 6.1.

Figure 10

 10 Figure 10 TEM micrographs of microgels loaded with IONPs. a,b) MB87, c,d) MB100, e,f) MB108, g,h)MBMBA.

Figure 11 a)

 11 Figure 11 a) Molecular structure of PDMAEMA. b) Determination of the cloud point of PDMAEMA by DLS at 90° in solutions at 35 °C at a concentration of 3 mg.mL -1 at pH 5 (diamonds), near 53 °C for 10 mg.mL -1 at pH 7 (squares), and 46 °C for 20 mg.mL -1 at pH 7 (circles). The decrease in scattered light intensity for temperatures above 50 °C for 20 mg.mL -1 at pH 7 denotes a macroscopic phase-separation (coacervation) and sedimentation.

Figure 11 b

 11 illustrates this variation of the cloud point at different values of concentration and pH, either below (pH 5) or near (pH 7) the pKa of the amines.

Figure 12 a

 12 Figure 12 a shows the variation of the derived count rate of scattered light and of the Zaverage diameter of polymer-grafted IONPs over varying temperatures. Like PDMAEMA chains in solution, the shell of the grafted IONPs, mainly composed of this polymer, dehydrated at elevated temperature, resulting in a variation of both their scattered light intensity and hydrodynamic diameter.However, unlike polymer chains in solution, which usually exhibit an abrupt transition over a narrow range of temperatures (defined as the "cloud point"), for these thermo-sensitive nano-objects the variation appeared continuous and spanned a broader range of temperatures. Nevertheless, a transition

Figure 12

 12 Figure 12 Off-line DLS results on bare acidic IONPs (circles), and on three batches of IONPs@AEAPTMS-AZ-PDMAEMA differing by the inorganic core sizes (∼0.1 g L -1 iron oxide): S1S2 (squares), C1C2 (diamonds) and C1S2 (triangles). a) The scattered intensity and b) the Z-average diameter are plotted vs. temperature. The pH was adjusted to 5.3 (below pKa of PDMAEMA) to maintain the IONPs well dispersed while still exhibiting a LCST behaviour.

Figure 13 a)

 13 Figure 13 a) Magnetic field intensity vs. time profile (at 755 kHz radiofrequency) applied to the sample and controls. In situ DLS/MH results (at ∼1 g L -1 iron oxide) obtained for: b) the C1C2@AEAPTMS-AZ-PDMAEMA coated sample, c) the uncoated non-thermosensitive C1C2@AEAPTMS control (both sample and control had a pH adjusted to 5.3-5.4), and d) polystyrene latexes as a non-magnetic non-thermosensitive control. The arrows indicate which axis to consider as ordinate for: the Z-average hydrodynamic diameter as measured by 2nd order cumulant analysis (A); the scattered light intensity on the photodetector (kcps) (B) and the temperature (°C) measured by the fibre optic probe versus time (C).

Figure 14 (

 14 Figure 14 (A) Hydrodynamic diameter and (B) backscattered intensity plotted vs. temperature for a) the thermosensitive sample C1C2@AEAPTMS-AZ-PDMAEMA and b) the C1C2@AEAPTMS control, under an alternating magnetic field of intensity H 0 =6.4 kA⋅m -1 and frequency f=755 kHz. Iron oxide concentrations were ∼1 g•L -1 and pH adjusted to 5.3-5.4.

  a) (A)) and the backscattered intensity (Figure 14 a) (B)) were directly correlated to the macroscopic temperature for the thermo-sensitive IONPs but only the intensity (Figure 14 b) (B)), not the diameter (Figure 14 b) (A)), for the control uncoated IONPs. With the PDMAEMA shell undergoing a transition from a hydrophilic to a hydrophobic state, the IONPs exhibited transient variations of their hydrodynamic diameter directly correlated with the applied field intensity. This thermal sensitivity was particularly high around 30°C, i.e. near the thermal transition of PDMAEMA.

Figure 16 a)

 16 Figure 16 a) Molecular structure of the single block ELP 20 , exhibiting a cysteine amino acid at its C-terminal end. b) Turbidity measurement of the ELP 20 dispersed in PB as a function of concentration. c) Onset of the temperature transition versus ELP 20 concentration.

Figure 17 a

 17 Figure 17 a) Diameter and b) intensity versus temperature of IONPs grafted with different densities of ELP (VPGIG)20.

Figure 18 a

 18 Figure 18 a) Diblock strurcture of the ELP grafted on the IONPs. b) Solubility transition of the diblock ELP upon heating and cooling of the solution. The ELP diblock used for this work was designed to contain a thermosensitive block (VPGVG) 40 (represented in orange) undergoing a de-swelling transition at a critical temperature around 42 °C in solution (Figure 18 b), and a hydrophilic block (VPG(A/G)G) 60 (represented in blue)

Figure 19 a)

 19 Figure 19 a) Turbidity measurement when heating and b) cooling a solution of the diblock ELP 40-60-Tat , and when c) heating and d) cooling a solution of the phosphonate group-containing diblock ELP* 40-60-Tat . The critical micellar temperatures (CMT) vs. concentration in PB of the ELP 40-60-Tat and ELP* 40-60-Tat were determined by measuring the optical density of the solutions at 350 nm using temperature trends. The results were normalized and compiled in Figure 19. Transition temperatures of single-block ELPs from soluble unimers to insoluble coacervates are usually measured using the maximum of the first derivative of the turbidity versus temperature curve.[28] Here, as the variations of turbidity correspond to the self-assembly of diblock ELPs into micelles.[30] We used the onset of the curves as the minimum temperature required to induce a change of solubility of the (VPGVG) 40 hydrophobic block during heating experiments. Contrary to what was previously observed during Tt measurements of the (VPGIG) 20 mono-block ELP (Figure 16 b-c), the ELP and phosphonate modified ELP* 40-60-Tat had a CMT that was independent on concentration (Figure 19 a). Moreover, contrary to the sharp transitions that were observed with ELP 20 , the variations of turbidity of ELP 40-60-Tat and ELP* 40-60-Tat were spread over large ranges of temperature from 30 to 60 °C. The CMT of the ELP 40-60- Tat was determined to be at 33 °C, while the CMT of the ELP* 40-60-Tat was estimated to be at 30 °C, slightly shifted towards lower temperatures (Figure 19 c). This result was unexpected as the phosphonate anchor group was predicted to bring more hydrophilicity to the (VPGVG) 40 hydrophobic block. The cooling of ELP* 40-60-Tat gave a far more regular re-solvation (Figure 19 d) as opposed to what was observed with the bare ELP 40-60-Tat . This behavior of free chains in solution helped

Figure 20 a

 20 Figure 20 a) Illustration of the simultaneous DLS/MH experiment: the sample (IONP@ELP* 40-60-Tat dispersed in water) contained in a cuvette was placed in a 4-turn coil (1), and thermalized with a glass water-jacket (2) while DLS measurements were carried out with a remote head collecting the scattered intensity at a 165° angle (backscattering) (3). b) The temperature of the sample (black diamonds) was measured while magnetic field intensity profiles were applied (green circles). c) Variations of the hydrodynamic diameters (intensity averaged)were measured when the magnetic field was either on (red triangles) or off (blue squares). d) Hydrodynamic diameters were plotted against temperature when the magnetic field was either on (red triangles) or off (blue squares).

d), highlighting 3

 3 different regimes. There was a first plateau of diameter at around 37 nm from 20 °C to approximately 30 °C. Then, the diameters gradually decreased in the range of temperature from 30 to 40 °C. A second plateau of diameter at around 34 nm was reached above 40 °C. Measurement of hydrodynamic diameters versus magnetic field application was then carried out in the same conditions on samples at different grafting densities. With expected differences of variation of diameter depending on the stretching of the chains tethered at the surface of the IONPs.

Figure 21

 21 Figure 21 Reversible variations of the thickness of the ELP* 40-60-Tat shell under magnetic hyperthermia. Variations of hydrodynamic diameters observed during DLS/MH experiments were ascribed to the thermosensitive property of the ELP* 40-60-Tat grafted onto the surface of the IONPs. During the DLS coupled with hyperthermia experiment, only the thermosensitive part of the ELP* 40-60-Tat

Figure 23

 23 Figure 23 The average hydrodynamic diameters (in Intensity) of a) bare IONPs and grafted IONPs@ELP* 40-60- Tat at reduced densities b) Σ=3.9, c) Σ=6.0, d) Σ=10 are plotted against temperature when the magnetic field is either on (red triangles) or off (blue squares). e) The amplitudes of variations of diameter are plotted as a function of reduced density.

Figure 24

 24 Figure 24 The backscattered intensities of a) bare IONPs and grafted IONPs@ELP* 40-60-Tat at reduced tethered densities b) Σ=3.9, c) Σ=6.0, d) Σ=10 are plotted against temperature when the magnetic field is either on (red triangles) or off (blue squares).

Figure 25

 25 Figure 25 Proton nuclear magnetic relaxometry of water containing IONPs@ELP* 40-60-Tat (Σ=10). a) longitudinal and b) transverse relaxation of a thermosensitive sample, along with c) the ratio of relaxivities. d) longitudinal and e) transverse relaxation of a non-thermosensitive sample, along with f) the ratio of relaxivities. g) Scheme of the diffusion of protons at the surface of a thermosensitive IONPs as a function of temperature. The proton relaxation measurement of water containing IONPs@ELP* 40-60-Tat (Σ=10) varied as a function of temperature. In the case of ELP* 40-60-Tat grafted IONPs, the longitudinal relaxation decreased with temperature (Figure 25 a), contrary to what was observed for non-modified IONPs (Figure 25 d). The value of relaxation was also lower, as the diffusion of protons toward the surface of the nanoparticle was hindered by the presence of a brush. A similar observation was made in the case of the transverse relaxation (respectively Figure 25 b and Figure 25 e). Both longitudinal and transverse relaxations of the thermosensitive ELP* 40-60-Tat grafted IONPs had a sigmoidal shape, with a

Figure 26 a

 26 Figure 26 a) Chemical structure of Doxorubicin. b) Absorbance and c) fluorescence standard curves determined and used for the titration of doxorubicin solutions. Doxorubicin is a chemotherapy medication used to treat cancer (Figure 26 a).[34] It works in part by interfering with the function of DNA. We used it as a model to test the loading of a drug in the brush of IONPs@ELP* 40-60-Tat nanoparticles and its release triggered by magnetic hyperthermia. Doxorubicin (referred to as Dox) is conveniently fluorescent, allowing a detection at low (μg•mL -1 ) concentrations. It was handled with care due to its high toxicity.[35] Standard curves were built and used to later quantify the loading and release of Dox (Figure 26 b,c). Interestingly, the fluorescence standard curve is well-fitted with a log-normal distribution, and Dox presents a quenching effect at concentrations superior to 0.1 mg•mL -1 .

Figure 27 a

 27 Figure 27 a) Loading efficiency, b) loading content and c) number of doxorubicin molecule per IONP@ELP* 40- 60-Tat nanoparticle. (Power law curves serve as visual guides).

𝑤 3

 3 were the respective amounts of Dox and IONPs@ELP* 40-60-Tat in the initial dispersion. The LE vs FWR (Figure 27 a) was globally decreasing, possibly because of the limited amount of Dox that could be encapsulated in IONPs@ELP* 40-60-Tat . A higher FWR led to an excess of Dox. The LC vs FWR (Figure 27 b) was slightly increasing, which was attributed to a saturation of the brush of ELP* 40-60-Tat . The LC was later converted into a number of Dox molecules per IONP@ELP* 40-60-Tat nanoparticle for a better representation of the system (Figure 27 c). We calculated that 10 to 20 Dox molecules could be adsorbed in the brush of the nanoparticles in the range of FWR explored. To put things into perspective, considering a Dox density of 1600 kg•m -3 and a molecular weight of 0.543 kg•mol -1 returned a molecular volume of 0.6 nm -3 , which is well in the dimensions of the IONP core and the ELP* 40-60-Tat brush.

Figure 28 a)

 28 Figure 28 a) Solution temperature vs. time regulated by sequential application of magnetic hyperthermia to reach a setpoint value of 43 °C. b) Cumulative Dox release at 43 °C during magnetic hyperthermia (red diamonds) or in a water bath thermostated at 43 °C (blue circles).

3. 1 .Figure 1

 11 Figure 1 TEM micrographs of a) monocore (batch 32ff) and b) multicore (batch 35ff) IONPs of diameters respectively 14.5±3.4 and 29.1±4.4 nm. The scale bar length is 50 nm. c) Core-shell structure of an IONP grafted with a DY700* fluorescent probe and PEG*.

Figure 2 a)

 2 Figure 2 a) Absorbance of multicore IONPs grafted with DY700* and PEG*. b) Fluorescence of the IONPs. c) Fluorescence of drops of IONPs@PEG* dispersed in solution, as observed with the Lumina instrument. d) Standard curve of fluorescence as a function of quantity of IONPs@PEG*. The NIR fluorescent probe DY700* was coupled directly onto the surface of IONPs resulting in a very likely shielding of the dye by the PEG* layer. The proximity of the DY700* with the surface of the semi-conducting iron oxide led to a partial quenching of the fluorescent signal. This

Figure 3 a

 3 Figure 3 a) Scheme representing the concentration of IONPs@PEG* (μg⋅mL -1 ) in the wells during cell incubation. Fluorescence measurement of b) monocore and c) multicore IONPs@PEG* internalized in U87 cells 24 hours after incubation. d) Epi-fluorescence of the cells for monocore (circles) and multicore (square) IONPs@PEG*. e) Quantity of monocore (circles) and multicore (square) IONPs@PEG* internalised in the cells deduced by prior fluorescence calibration with known amounts.

Figure 4

 4 Figure 4 Bright field microscopy images of a) control U87 cells, and U87 cells incubated with either b) monocore or c) multicore IONPs@PEG*. Flow cytometry 2D plots of d) U87 cells, U87 cells incubated with e) monocore and f) multicore IONPs@PEG*. Fluorescence histograms of g) U87 cells, U87 cells incubated with h) monocore and i) multicore IONPs@PEG*. j) Mean fluorescence of cells as a function of IONPs@PEG* concentration during incubation for monocore (circles) and multicore (squares) IONPs@PEG*. Error bars represent statistical scatter.

Figure 5

 5 Figure 5 Bright field microscopy images of U87 cells incubated with IONPs@PEG* at concentrations of (from left to right) 0, 10, 50, 100, 200, 300, 400, 500 μg/mL. The morphologies of the IONPs@PEG* are a) monocore and b) multicore.

Figure 8

 8 Figure 8 TEM micrograph of an U87 cell incubated with IONPs@PEG*.

Figure 9

 9 Figure 9 TEM micrograph of U87 cells incubated with a-c) monocore or d-f) multicore IONPs@PEG*.The lysosomes were recognizable by their spherical morphology and diameter of the order of 1 μm. They were also located on one side of the nucleus, which was in agreement with what was observed by confocal microscopy, where blue nuclei and red lysosomes formed dipolar structures. The electron scattering contrast of the lysosomes depended on the quantity of IONPs contained inside, and on the age of the lysosome. Early endocytic compartments had a clear shade of grey while later ones were darker due to the fusion with other endocytic structures. Lysosomes were in greater numbers and encapsulated larger quantities of IONPs in the case of cells incubated with multicore IONPs@PEG*.

Figure 10

 10 Figure 10 TEM micrograph of U87 cells evidencing the internalization pathway of IONPs@PEG* inside the cells. a-b) Cell membrane deformation in morphologies typical of macropinocytosis. c-d) Endocytic compartments at different stages.

Figure 12 a

 12 Figure 12 a) Bioluminescence imaging of U87 cells incubated at different concentrations of monocore IONPs@PEG* after AMF application, and b) viability assay obtained from the BLI signal integrated in the ROIs (circles) before (blue) and after AMF application (red). c) BLI of U87 cells incubated at different concentrations of multicore IONPs@PEG* after AMF application, and d) viability assay before (blue) and after AMF application (red).

Figure 1 a)

 1 Figure 1 a) Schematic illustration of the functionalization of IONPs with the DY700 fluorescent probe and the ELP* 40-60-Tat cell-penetrating and thermosensitive peptide b) TEM micrograph of the iron oxide nanoparticles. c) Histogram of the diameters measured from TEM (11.7±3.1 nm) fitted by a Log-normal size-distribution. DLS diagrams of d) IONPs grafted with PEG and e) IONPs grafted with ELP* 40-60-Tat . f) ATR-IR absorbance spectra of the bare and modified IONPs. From top to bottom: IONPs@ELP* 40-60-Tat , IONPs@PEG* and bare IONPs. g) Fluorescence measurement of the IONPs modified with a fluorescent probe and PEG* (blue squares), ELP* 40-60- Tat (green dots) or bare IONPs (red triangles). The IONPs selected for this chemical modification were imaged by TEM and their diameters were measured, leading to an average diameter of 11.7 nm, and a standard deviation of 3.1 nm (Figure 1 b-c). The phosphonic acid functionality introduced on the polymer chain-ends was used for the conjugation of the ELP* 40-60-Tat or PEG* with the IONPs. The IONPs and peptide or polymer chains were conjugated by mixing in weakly acidic aqueous conditions, in a one-pot single step. During the surface modification, the IONPs always formed a stable suspension, possibly improving the grafting efficiency. The resulting core-shell nanoparticles were then purified by cycles of centrifugationredispersion, yielding nanoparticles stable at physiological pH, as measured by DLS in Tris 50 mM buffer (Figure 1 d-e). The bare IONP sample was measured in water acidified at pH=2.5 with HNO 3

  interactions and the cell-penetrating properties of the ELP* 40-60-Tat modified nanoparticles. Interaction between PEG-grafted monocore and multicore IONPs were previously investigated, showing enhanced internalization with multi-core IONPs (see Chapter V). Here we report the effect of surface modification on the internalization efficiency and cytotoxicity under magnetic hyperthermia, while keeping identical core morphology and size. The cell line was genetically modified to introduce a bioluminescent reporter (Fluc) under the transcriptional control of constitutive CMV promoter. The cells expressed luciferase, an enzyme which catalyzes chemiluminescent oxidation of the D-luciferin substrate, yielding photons. The intensity of emitted light is directly correlated with the cell viability and cell number, and could therefore be used as a physical read-out of cell viability and replace another assay like MTT reagent reduction into Formazan probing the mitochondrial activity of cells.

Figure 2

 2 Figure 2 Glioblastoma cells incubated with magnetic iron oxide nanoparticles grafted with the ELP* 40-60-Tat observed by a) TEM and b) confocal microscopy. For confocal microscopy, cells were incubated with IONPs@ ELP* 40-60-Tat conjugated to DY700* (red) for 24 h at 100 μg⋅mL -1 . They were visualized by fluorescence confocal microscopy at 63× magnification. Hoechst 33342 (2 μg⋅mL -1 ) was used to stain the nucleus in blue. Lysotracker™ (100 nM) was used to stain the lysosomes in green. Scale bars are 20 μm wide. The glioblastoma cells were incubated with concentrations of IONPs at a concentration of 100 µg⋅mL -1 for 24 h. After fixation, staining and microtome, ultrathin sections of 65 nm were imaged by TEM. The cell membrane, mitochondria, nucleus and nuclear membrane were recognizable from their specific morphologies and locations inside the cell. Spherical structures encapsulating IONPs@ ELP* 40-60-Tat , suspected to be lysosomes, were also imaged and observed in great numbers. More than a dozen of these structures were visible on Figure 2 a, in different locations inside the cell. Their dimensions were in the order of 500 nm, with a sample thickness of 65 nm. They presented different nuances of grey, with contrasts equivalents to that of the exterior of the cell for the ones close to the cell membrane, while the ones closer to the nucleus appeared more frequently darker. Later endocytic compartments also present other smaller spherical structures inside their membrane, resulting from the

Figure 3

 3 Figure 3 3D stacks of U87 cells incubated with ELP* 40-60-Tat grafted nanoparticles. The image was rotated at 4 different angles, which helped visualizing the repartition of the nanoparticles contained in the lysosomes. A 3D stack of a cell incubated with ELP* 40-60-Tat grafted IONPs was acquired to better understand their microstructure (Figure 3). The three fluorescent signals were merged to compose these images: the blue color of the nucleus, the red of the IONPs@ELP* 40-60-Tat and the green of the lysosomes. As previously observed in Figure 2, lysosomes and IONPs were strongly co-localized leading to yellow spots. Although for a few cells the lysosomes were localized all around the nucleus, most frequently the lysosomes were found only on one side of the cell and the nucleus on the other side. This anisotropic perinuclear localization was already reported in the case of Tat-peptide functionalized quantum dots.[38] With a multivalence of 19 Tat peptides per nanoparticle, the ELP* 40-

Figure 4

 4 Figure 4 Cell divisions at different stages, observed by confocal imaging.

Figure 4 .

 4 Figure 4. The cell on the left column had the most common type of morphologies observed, with a bright nucleus of irregular coloration, and a strong coloration on the periphery. The cell in the middle column was dividing, with visible chromosomes that had already duplicated and condensed, forming these specific elongated spindle-shape structures. The membrane around the nucleus had dissolved, releasing away the chromosomes. A single cell membrane was observed by pseudo bright-field illumination. The cell on the right column had already divided, leading to the splitting of the

Figure 5

 5 Figure 5 Intracellular distribution and internalization efficiency of nanoparticles in U87 glioblastoma cells. The effect of the nature of surface modification of IONPs grafted with either PEG* or ELP* 40-60-Tat was evidenced on both their internalization and on their sensitivity to magnetic hyperthermia. The size of the pictures is 30×30 μm. After fluorescence staining and preparation, half of the cell suspension was preserved in cold conditions (approximately 4 °C) to inhibit the cell activity and to retain their morphologies before imaging. An alternating magnetic field (AMF) was applied on the other half using a frequency of 473 kHz and amplitude of 12 kA⋅m -1 for 30 min. The internalization efficiency of ELP* 40-60-Tat and PEG* modified IONPs can be directly compared on Figure 5 Intracellular distribution and internalization efficiency of nanoparticles in U87 glioblastoma cells. The effect of the nature of surface modification of IONPs grafted with either PEG* or ELP* 40-60-Tat was evidenced on both their internalization and on

Figure 6

 6 Figure 6 Intracellular distribution and internalization efficiency of nanoparticles in U87 glioblastoma cells. The effect of surface modification of IONPs grafted with either PEG* or ELP* 40-60-Tat was evidenced on both their internalization and on their sensitivity to magnetic hyperthermia. The scale bars are 50 μm wide.

Figure 8

 8 Figure 8 Bioluminescence imaging of CMV Luciferase modified U87 glioblastoma cells incubated at different concentrations of magnetic iron oxide nanoparticles (from top to bottom and left to right: wells with 0, 100, 200, 300, 400 and 500 µg⋅mL -1 ), 24 h after AMF application. a) BLI image of the microscopy chamber with cells incubated with IONPs@PEG*; b) corresponding cell viability measurements before (blue) and after (red) application of the treatment. c) BLI image of the microscopy chamber with cells incubated with IONPs@ ELP* 40-60-Tat ; d) corresponding cell viability measurements before (blue) and after (red) application of the AMF treatment (at 24 h delay).After studying the internalization of the magnetic IONPs and their effect on the cell microstructures under AMF application, we studied the cytotoxic effect. The cytotoxicity effect of IONPs, occurring during IONP internalization or after applying an external alternative magnetic field (AMF) was assayed by bioluminescence imaging (BLI) readout based on luciferase activity inside the cells.[46] Circular regions of interests (ROIs) were integrated on BLI images of U87 cells taken 24 hours after AMF treatment to quantify the bioluminescence intensity, either in the case of PEG*

Figure 9

 9 Figure 9 Comparison between the fluorescence signal of IONPs@ELP* 40-60-Tat and IONPs@PEG* nanoparticles (30 min after intravenous injection), and of the bioluminescence signal of the tumors (before injection).

Figure 11

 11 Figure11 Biodistribution in a mouse of 11.7 nm diameter spherical, magnetic and fluorescent IONPs@PEG* nanoparticles (750 μg in around 100 µL PBS injected intravenously). Xenograft U87 glioblastoma tumors were implanted and grown on the mouse until maturation (in 6-7 weeks). The animal was anaesthetized by breathing isoflurane gas (Belamont, Nicholas Piramal Ltd, London, UK, 2% in air).Mice were sacrificed 10 h after injection of IONPs@ELP* 40-60-Tat and IONPs@PEG* nanoparticles, and livers and tumors were removed (Figure12 a,b). Fluorescence imaging showed a signal from the nanoparticles in tumors, and no signal in livers. It appeared that the fluorescence of the tumors came from the liquid at their exterior surface. Confocal imaging on microtomes of livers and tumors showed a red fluorescence signal from the IONPs. For IONPs@PEG*, the nanoparticles were partially retained in the liver, but no signal was observed inside the tumor. For IONPs@ELP* 40-60-Tat

Figure 12

 12 Figure 12 Photographs of livers and tumors extracted from mice 10 h after injection of a) IONPs@ELP* 40-60-Tat and b) IONPs@PEG* nanoparticles. c,d) Respective photographs and fluorescence merged images. Confocal imaging of liver (left) and tumor (right) microtomes of mice injected with e) IONPs@ELP* 40-60-Tat and f) IONPs@PEG* nanoparticles. Nuclei from microtomes were stained using ProLong ® Gold Antifade Mountant containing DAPI, after fixation with paraformaldehyde (PFA).

Figure 13 a)

 13 Figure 13 a) Position of the tumor inside the 2-coil inductor for magnetic hyperthermia treatment. Infrared thermal imaging b) before and c) after treatment (15 min, 473 kHz, 12 kA⋅m -1 , 1 h after injection).

Figure 14 a)

 14 Figure 14 a) Bioluminescence activity of the LucF enzyme contained in the tumors at 0, 6, 24, 48 and 72h after AMF application. b) Relative bioluminescence activity of the LucF enzyme contained in the tumors compared to initial time. Two animals were studied for each coating (ELP* 40-60-Tat and PEG*) of the IONPs.

Figure 16

 16 Figure 16 IR thermal imaging of a mouse at t=0 (left) and t=15 min (right) during magnetic hyperthermia treatment (15 min, 473 kHz, 12 kA⋅m -1 ) after intra-tumoral administration. The absence of nanoparticles in the liver allowed the positioning of the mice along the axis of symmetry of the set-up. The tumor injected with nanoparticles and the control one were both positioned in areas with equal magnetic field intensities. IR thermal imaging allowed measuring the surface temperature of the skin while applying magnetic hyperthermia. The two legs of a mouse were visible inside the 2-coil inductor in Figure 16, along with the head on the left side of the set-up.

Figure 17

 17 Figure 17 Surface temperature of the tumors as a function of time

Figure 19

 19 Figure 19 Quantification of the bioluminescence signal of tumors administered with a) IONPs@ELP* 40-60-Tat and b) IONPs@PEG* nanoparticles by intra-tumoral injection and after successive applications of MH at t+4 (treatment 1), t+8 (treatment 2), t+24 (treatment 3), and t+48 h (treatment 4).

up to 10

 10 °C compared to control tumors. Then successive applications of magnetic hyperthermia led to an effective reduction of tumor growth, also not leading to regression in the case of this very aggressive RM1 tumor model. Outlooks of this work would consist in repeating the in vivo experiments on a larger number of animals, and in the case of IV administration to possibly reach the threshold IONP concentration inside the tumor for thermal ablation by grafting efficient active targeting ligands to their surfaces.

  made of di-block elastin-like peptide (VPGVG) 40 -(VPG(A/G)G)[START_REF] Ramesh | Synthesis of Fe3O4 nanoflowers by one pot surfactant assisted hydrothermal method and its properties[END_REF] and CPP Tat sequence using this strategy. The (VPGVG) 40 block was thermosensitive and underwent a water de-swelling transition at a critical temperature around 35 °C in solution, the (VPG(A/G)G) 60 block was hydrophilic and provided colloidal stability to the resulting γ-Fe 2 O 3 @ELP* 40-60 -Tat core-shell IONPs. The bio-functionalization of these IONPs with the di-block ELP* 40-60 -Tat was achieved by a convergent strategy through strong coordination bonding of a phosphonate group introduced near the N-terminus of the polypeptide. To the best of our knowledge, this was the first report on a thermosensitive ELP layer grafted onto magnetic IONPs. A large attention was given to the grafting density of the tethered PEG* and ELP* 40- 60 -Tat . Different regimes of stretching and elongation of chains (from mushroom to brush) were obtained by varying the number of polymers and polypeptides per nanoparticle. The reduced tethered density was widely used as an indicator of the state of the brush, and helped predict the stability of the core-shell nanoparticles in solution. Additionally, a DY700* fluorescent probe functionalized with a phosphonate anchor group was synthesized and grafted at the surface of IONPs to track the nanoparticles in vitro and in vivo.

  IONPs@PEG* control nanoparticles. The internalization pathway in lysosomes was monitored by electron microscopy on microtomes and confocal optical microscopy on live cells. Cellular toxicity after AMF application with these core-shell IONPs was ascribed to lysosomal membrane rupture and leakage into the cytosol. The intracellular fate of such IONPs, from their internalization to the effect of an AMF application, validated the use of thermosensitive peptide brushes on IONPs as drug delivery systems, addressing lysosomal compartments and triggering leakage of their content by external AMF application. Long term fate (after 48 h) was discussed in view of the cell division with equal sharing of the magnetically loaded lysosomes among daughter cells, possibly envisioning the successive application of magnetic hyperthermia on time scales superior to the cellular life cycle. Preliminary in vivo experiments evidenced the positive effect of the Tat peptide end-sequence compared to the PEG brush control on the bio-distribution, with nanoparticles being present both in the liver and in U87 model tumor in mice.To conclude, a thermosensitive, cell-penetrating, and magnetic IONPs@ELP* 40-60 -Tat nanocarrier was developed during this project. Other systems were designed and studied, but all served as prototypes to acquire enough background knowledge for the synthesis, characterization, and experiments in biological conditions of IONPs@ELP* 40-60 -Tat nanoparticles. IONPs obtained by polyol synthesis presenting the best morphologies and magnetic properties were selected for the core. The convergent phosphonate strategy reached maturity after testing on PEG*, and could be used to graft ELP* 40-60 -Tat and DY700*. Understanding the theory of brushes by studying monolayers of PEG* allowed estimating correctly the number of ELP* 40-60 -Tat to be grafted. This way, hybrid core-shell IONPs@ELP* 40-60 -Tat nanoparticles were designed, with suitable properties for MRI and magnetic hyperthermia applications, as shown by preliminary experiments in vitro and in vivo. Drug delivery

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  3 O 4 ) is commonly synthesized this way, but an inadequate procedure can also lead to other non-magnetic iron oxo-hydroxide phase (goethite α-FeOOH or akaganeite Fe 8 O 8 OH 8 Cl 1.35 ) or oxide (hematite α-Fe 2 O 3 ) phase.[28] Maghemite (γ-Fe 2 O 3 ) can be obtained from magnetite by simple oxidation in an acidic medium with Fe 3+ nitrate salts, or by leaving magnetite

nanocrystals in contact with oxygen from ambient air, accelerating the formation of the thermodynamically favored maghemite compound.

Table 1

 1 T 1 and T 2 values of different tissues at 1.5 T.[32] 

Table

  

  . Depending on their r 1 and r 2 values, IONPs are often referred to as T 1 or T 2 -type agents, meaning that they are respectively prone to brighten or darken areas of images where they are localized. They therefore improve the contrast of the images and help localize abnormalities. Iron oxide contrast agents have been marketed in the 2000-2010 decade under various names as Feridex,

	Resovist, Sinerem, Lumirem and Clariscan. Feridex is a T 2 contrast agent composed of iron oxide
	nanoparticles coated with a low molecular weight dextran, with a size of 120 to 180 nm. Resovist is a
	T 1 contrast agent also composed of iron oxide nanoparticles coated with carboxydextrane, with a
	hydrodynamic diameter ranging from 45 to 60 nm.[72] Usually, individually dispersed iron oxide
	cores with a hydrodynamic diameter below 40 nm are called USPIO ("Ultrasmall SuperParamagnetic
	Iron Oxide), whereas multicore clusters with diameters in the range of 100-200 nm are called SPIO or

SPION ("Supeparamagnetic Iron Oxide Nanoparticles"). Sinerem is an example of USPIO used for brain imaging (because its small size enables it to cross a damaged Brain Blood Barrier in case of brain tumor), whereas Endorem is used for liver imaging (due to its strong uptake by healthy Kupfer cells, but not by liver tumors, making them appear brighter than the healthy part of the liver). More recently, UUSPION (standing for "Ultra-Utrasmall Superparamagnetic Iron Oxide Nanoparticles") have been introduced by Tromsdorf et al.: such single core nanoparticles with very small

Table 2

 2 Conformation of tethered chains depending on the reduced tethered density.

	reduced tethered density value	regime
	𝛴 < 1	mushroom
	1 < 𝛴 < 5	mushroom to brush transition
	𝛴 > 5	brush

6.2. Thermosensitive elastin-like polypeptides 6.2.1. Chemical structure and thermosensitive properties

  Kurzhals et al. reported IONPs grafted with PNIPAM that underwent colloidal aggregation unpon heating.[142] They evidenced that the assembly of nanoparticles is reversible upon cooling of the solution, and that the thermoresponsiveness of the system depends on the topoly of the shell of PNIPAM (grafted vs. free polymer chains). Polo-Corrales et al. reported an original system to evidence variations of temperature produced at the surface of

	IONPs under MH.[143] They used thermoresponsive fluorescent polymers grafted at the surface of
	IONPs, measured their fluorescence signal under MH and compared the values with calibration
	curves. They could evidence a surface temperature above the temperature of the surrounding medium.
	Cryogenic transmission electron microscopy (cryo-TEM) has also been reported as a powerful tool to
	observe a thermosensitive shell at shrunken or swollen states. Crassous et al. produced solid cores of
	poly(styrene) with a shell of cross-linked PNIPAM, and imaged the conformation of the shell in
	swollen and dehydrated states by vitrifying the sample followed by observation by cryo-TEM.[141]
	The diameters obtained were similar to that measured by DLS.
	Elastin-like polypeptides (ELPs) are polypeptides which composition is inspired by the
	hydrophobic domain of human tropoelastin. A pentapeptide of composition Val-Pro-Gly-Xaa-Gly
	(VPGXG) forms the repeated unit of an ELP, with Xaa (X) being a guest residue which can be any
	amino acid except proline. ELPs are interesting materials for drug delivery applications as they exhibit
	a lower critical temperature phase transition behavior. ELPs aggregate into coacervates above a
	characteristic cloud point temperature (transition temperature Tt). This transition is fully reversible,
	leading to the re-solubilization of the ELP chains when the temperature of the aqueous solution is
	returned below the Tt. The value of Tt for a specific ELP sequence depends on the composition of the
	repeated units; hydrophobic guest residues (valine, leucine) lower the Tt while hydrophilic ones
	(glycine, serine) elevate it.[144] Also, an increased molecular weight of the ELP chain results in a

decrease of Tt.

[145] 

Other extrinsic factors shift the Tt, such as the salt concentration in solution, nature of the salts,[146] the concentration of ELP, and pH if the sequence contains guest residues that can be protonated. The ELPs mainly find applications in medicine in the fields of drug delivery, tissue engineering and regenerative medicine as scaffolds.

[147] 
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Table 1

 1 Mean size and standard deviations of the four fractions obtained after the size-sorting process.

3.1.1. Materials

  atmosphere. 1.08 g (4 mmol) of FeCl 3 ⋅6H 2 O and 0.40 g (2 mmol) of FeCl 2 ⋅4H 2 O were then dissolved overnight. In the meantime, 0.64 g (16 mmol) of NaOH was dissolved under magnetic stirring in 40 mL of either pure DEG or a 1:1 v/v mixture of DEG and NMDEA in a separate threeneck round bottom flask. The NaOH solution was flushed by bubbling nitrogen for one hour before mixing with the mixed iron(II,III) chloride solution. The color quickly turned from yellow to deep green. The mixture was then heated up to 220 °C (temperature ramp in around 30 min) with an electronically controlled Digi-Mantle™ heating mantle (OMCA0250, Electrothermal™) set at full power, before allowing the reaction to occur for a determined period of time, either with or without agitation at 500 rpm by a mechanical stirring Teflon shaft inserted through the condenser aperture.

	IONPs were then separated over a strong permanent ferrite magnet (152×101×25.4 mm 3 , Calamit
	Magneti™, Milano-Barcelona-Paris), washed three times with a mixture of ethanol and ethyl acetate
	Nitric acid (HNO 3 , 70%) was from Fisher. Ethyl acetate (>99.5%) was from Sigma Aldrich.
	Acetone (technical grade), ethanol (96%), and diethyl ether (100%) were from VWR. N-
	methyldiethanolamine (NMDEA, 99%) was from Acros Organics Diethylene glycol (DEG, 99%),
	sodium hydroxide microprills (NaOH, 98%), iron(III) nitrate nonahydrate (Fe(NO 3 ) 3 ⋅9H 2 O, >98%),
	and iron(II) chloride tetrahydrate (FeCl 2 ⋅4H 2 O, 98%) were from Alfa Aesar. Iron(III) chloride
	hexahydrate (FeCl 3 ⋅6H 2 O, >97%) was from Panreac.

3.1.2. Synthesis of IONPs

IONPs were produced by adapting reaction conditions reported by Caruntu et al.:

[4] 

80 mL of either pure DEG or a mixture of DEG and NMDEA with volume ratios 1:1 v/v were introduced in a three-neck round bottom flask flushed with nitrogen and stirred with a magnetic stir bar for one hour under inert (1:1 v/v), once with 10 % nitric acid, twice with acetone, and twice with diethyl ether. NPs were then readily redispersed in water by stirring in open air to remove volatile solvents. At this stage, a black monophasic dispersion of IONPs was obtained. 8.6 g of iron(III) nitrate was then added as a strong oxidant by heating at 80 °C for 45 min while mechanically stirring.[20] The colloidal solution then turned from clear black to clear brown-orange. The IONPs were flocculated by addition of 10 % nitric acid and finally washed twice with acetone and twice again with diethyl ether. At this stage a deep orange-black dispersion of IONPs was obtained. The fluid was attracted by permanent magnets while

Table 2

 2 Batch names and their corresponding conditions of synthesis.

*reaction performed under "natural mixing" i.e. by diffusion and convection yet no stirring.

Table 1

 1 Caracteristics of the samples IONPs@ELP 20 .

	Sample n°	1	2	3	4	5	6	7
	Expected grafting density (chain per nm 2 )	0.01	0.025	0.04	0.055	0.07	0.085	0.1
	Number of ELP 20 per IONP	3.1	7.9	12.6	17.3	22.0	26.7	31.4
	Reduced tethered density Σ	0.6	1.4	2.2	3.0	3.9	4.7	5.5
	Several parameters of interest to describe the core-shell IONPs@ELP 20 nanoparticles are
	presented in							

Table 1 .

 1 Different grafting densities were tried by varying the equivalents of reagents, to reach densities in a range of 0.01-0.1 chain per nm 2 . This range of value corresponded to a number of

Table 2

 2 Caracteristics of the samples IONPs@PEG* (monocore, batch 34ff).

	Sample n°	STA0	STA1	STA2	STA3	STA4
	Expected grafting density (chain per nm 2 )	0	0.03	0.14	0.28	0.55
	Number of PEG* per IONP	0	25	125	250	501
	Reduced tethered density Σ	0	1	5	10	20

Table 3

 3 Caracteristics of the samples IONPs@ ELP* 40-60-Tat (monocore, batch 34ff).

	Sample n°	0	1	2	3
	Grafting density (chain per nm 2 )	0	0.016	0.024	0.041
	Number of ELP* 40-60-Tat per IONP	0	5.2	8.0	13.5

  𝑡 = 𝑇 𝑡,𝐶 +

				𝑇 𝑡 𝑡𝑡𝑡𝐿𝑡𝑡𝑡𝑡𝑡𝐿 𝑡𝑒𝑡𝑡𝑒𝑡𝑡𝑡𝑡𝑡𝑒
				𝑇 𝑡,𝐶 𝑡𝑡𝑡𝐿𝑡𝑡𝑡𝑡𝑡𝐿 𝑡𝑒𝑡𝑡𝑒𝑡𝑡𝑡𝑡𝑡𝑒 𝑡𝑡 𝑡ℎ𝑒 𝑐𝑡𝑡𝑡𝑡𝑐𝑡𝑐 𝑡𝑡𝑡𝐿𝑡
	𝑘 𝐿	• 𝐿𝐿	𝐶 𝑐 𝐶	𝑘 𝑐𝑡𝐿𝑡𝑡𝑡𝐿𝑡 𝐿 𝑐ℎ𝑡𝑡𝐿 𝑐𝑒𝐿𝑙𝑡ℎ 𝑡𝐿 𝑡𝑒𝐿𝑡𝑡𝑡𝑒𝑡𝑡𝑡𝑝𝑒 𝑡𝐿𝑡𝑡𝑡
				𝐶 𝑐 𝑐𝑡𝐿𝑐𝑒𝐿𝑡𝑡𝑡𝑡𝑡𝑡𝐿 𝑡𝑡 𝑡ℎ𝑒 𝑐𝑡𝑡𝑡𝑡𝑐𝑡𝑐 𝑡𝑡𝑡𝐿𝑡
				𝐶 𝑐𝑡𝐿𝑐𝑒𝐿𝑡𝑡𝑡𝑡𝑡𝑡𝐿

  Cells were cultivated in Dulbecco's modified Eagle's medium (DMEM, Invitrogen,

	Carlsbad, California) supplemented with 10% foetal bovine serum (FBS, Invitrogen), 1% antimycotic-
	antibiotic mix (PSA, Invitrogen), 1% nonessential amino acid (MEM NEAA, Invitrogen) and 50
	µg⋅mL -1 Hygromycin B (Euromedex, Souffelweyersheim, France). Cell line was maintained in a
	humidified 5% CO 2 incubator at 37°C.

  2 hours on ice in the dark. After washing in water, samples were stained in block in 0.5 % (p/v) aqueous uranyl acetate solution during 30 min, in the dark, at RT. Subsequently, cells were washed in water then dehydrated through a series of graded ethanol and embedded in a mixture of pure ethanol and epoxy resin (Epon 812; Delta Microscopies, Toulouse, France) 50/50 (v/v) during 2 h and then in 100 % resin overnight at RT. The polymerization of the resin was carried out over a period between 24-48 h at 60 °C. Samples were then sectioned using a diamond knife

	-well optical glass supports (Nunc™ 178599 Lab-Tek® Chamber Slide™ System, Glass, Volume: 0.1-0.2 mL, Culture Area: 0.4 cm²/well). After incubation (24 h) with the IONPs@PEG*, cells were washed two times with PBS, fixed with 1.6 % (v/v) paraformaldehyde 2 % (v/v) glutaraldehyde in 0.08 M cacodylate buffer (pH 7.4) during 30 min minimum at room temperature (RT), washed in 0.1 M cacodylate buffer (pH 7.4) and then post-fixed in a mix of 1% osmium tetroxide (v/v) / 1 % potassium ferricyanide K 3 Fe(CN) 6 (p/v) in 0.1 M Austria). Ultrathin sections (65 nm) were picked up on copper grids and then stained with Uranyless (Delta Microscopies, Toulouse, France) and lead citrate. Grids were examined with a Transmission cacodylate buffer during (Diatome, Biel-Bienne, Switzerland) on an ultramicrotome (EM UCT, Leica Microsystems, Vienna, Electron Microscope (H7650, Hitachi, Tokyo, Japan) at 80 kV in High Contrast Mode.

table : Table 1

 :1 Hydrodynamic diameters and polydispersity indexes of bare iron oxide nanoparticles, and nanoparticles grafted with PEG* or with the ELP* 40-60-Tat .

		D h (nm) PDI
	IONPs	43.9	0.22
	IONPs@PEG*	53.7	0.17
	IONPs@ELP* 40-60-Tat	60.0	0.22
	DLS evidenced that stable dispersions were obtained, with low polydispersity index, i.e.
	PDI∼0.2. The increased diameters confirmed the surface modifications of the IONPs, as additional

Table 2

 2 Characteristics of the iron oxide nanoparticles grafted with either ELP* 40-60-Tat or PEG*, calculated from thermo-gravimetric analyses.

		IONPs@ELP* 40-60-Tat IONPS@PEG*
	w/w % of organic material	21	13
	Chains per nanoparticle	19	63
	Grafting density (chain per nm 2 )	0.04	0.15
	Reduced tethered density Σ	10	5.3

  40-60-TAT and PEG*. As there were less ELP* 40-60-Tat chains compared to PEG*, the distance D between two anchoring sites was larger, leading to larger surface areas covered by a single chain. Finally, the reduced tethered densities Σ were estimated:

	𝛴 =	𝜋⋅𝑅 𝑔 𝐷 2	2	𝑅 𝑔 𝑖𝑖 𝑡ℎ𝑒 𝑟𝑟𝑟𝑖𝑟𝑖 𝑜𝑜 𝑔𝑔𝑟𝑟𝑡𝑖𝑜𝑔 𝑜𝑜 𝑐ℎ𝑟𝑖𝑔𝑖 𝑖𝑔 𝑖𝑜𝑠𝑟𝑡𝑖𝑜𝑔 𝐷 𝑖𝑖 𝑡ℎ𝑒 𝑟𝑖𝑖𝑡𝑟𝑔𝑐𝑒 𝑏𝑒𝑡𝑏𝑒𝑒𝑔 𝑔𝑟𝑟𝑜𝑡𝑖𝑔𝑔 𝑝𝑜𝑖𝑔𝑡𝑖

Titre de la thèse: Synthèse de nanoparticules magnétiques et thermosensibles à base d'oxyde de fer pour des applications médicales.

  Cette thèse présente le développement de nanoparticules hybrides avec un coeur inorganique et une couronne organique pour des applications médicales. Des nanoparticules d'oxyde de fer ont été obtenues par synthèse polyol, en contrôlant leurs cristallinités, leurs morphologies (monocoeur ou multicoeur) et leurs tailles (de 4 à 37 nm). Leurs propriétés ont été évaluées et comparées pour de possibles applications théranostiques : en thérapie pour le traitement du cancer par hyperthermie magnétique, pour le diagnostic en tant qu'agents de contraste pour l'IRM. Les surfaces des nanoparticules ont été modifiées par greffage de polymères/polypeptides pour apporter de la stabilité en milieux biologiques et de nouvelles fonctionnalités. Le poly(éthylène glycol) (PEG) a été greffé pour ses propriétés de furtivité, le poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) et des polypeptides dérivés de l'élastine (ELPs) pour leurs propriétés thermosensibles, et la sonde fluorescente DY700 pour permettre le suivi des nanoparticules in vitro et in vivo. Les propriétés magnétiques et thermosensibles de ces nanoparticules coeur-couronne ont été étudiées avec un instrument unique combinant l'hyperthermie magnétique et un système de diffusion dynamique de la lumière. Ainsi, les variations de température, de diamètre et d'intensité diffusée ont pu être mesurées simultanément. Les propriétés de nanoparticules monocoeur et multicoeur greffées avec du PEG, et des nanoparticules monocoeur greffées avec un ELP contenant un peptide pénétrant ont d'abord été évaluées in vitro. Leurs internalisations dans des cellules de tumeur cérébrale humaine (glioblastome) ont permis d'étudier leurs cytotoxicités après traitement par hyperthermie magnétique, et ont montré une baisse de viabilité cellulaire jusqu'à 90 %. In vivo, l'injection intraveineuse de ces nanoparticules dans des souris a abouti à une accumulation dans les tumeurs. L'injection intratumorale suivie du traitement par hyperthermie magnétique a conduit à des élévations de température locales d'environ 10 °C, avec un effet significatif sur l'activité des tumeurs.
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CHAPTER II EXPLORATION OF CHEMICAL ROUTES TOWARD IRON OXIDE NANOPARTICLES OF DIFFERENT SIZES, MORPHOLOGIES, AND MAGNETIC PROPERTIES

Such AC hysteresis loops reflected that magnetic moments of IONPs under AMF excitation oscillate with a phase lag relatively to the magnetic field, leading to a partial conversion of the radiofrequency magnetic energy into heat that then dissipated in the surrounding aqueous medium.

Larger AC hysteresis loops areas were obtained at higher amplitudes H app and higher frequencies, while stronger magnetic anisotropy of the materials tended to change the shapes of the curves from sigmoidal to more square-like shapes. Carrey et al. interpreted such dynamic hysteresis loops by a two-level Stoner-Wohlfarth model instead of the classical linear response theory involving Néel and Brown relaxation times of the magnetic moments. [34,36,37] The larger the surface of the hysteresis loops, the larger the energy dissipated by the IONPs per AMF cycle. These AC magnetization curves could be compared to the calorimetric experiments by multiplying the surface of the hysteresis loop with the frequency and by dividing by iron oxide concentration to get the SAR. The resulting values were then plotted as a function of frequency and amplitude, as shown in Figure 12. SAR values as high as 2000 W⋅g -1 were obtained at a frequency of 1023 kHz and amplitude of 20 kA⋅m -1 , although out-passing by a factor 4 the upper limit of 5×10 9 A⋅m -1 ⋅s -1 of the f⋅H app product recommended for human treatment by MH. [38] Whereas the ILP parameter was previously introduced in the literature by dividing the SAR with frequency and the square of H app , [1] the assumption that SAR is a quadratic function only works at low field amplitude (Figure 13 Using the parameters of acquisition described above allowed measuring the longitudinal (Mz)

and transverse (Mxy) relaxation times of the protons of water. The introduction of superparamagnetic IONPs@PEG* nanoparticles results in shortened relaxations times. This effect was later quantified as longitudinal (r 1 ) and transverse (r 2 ) relaxivities. A strong red fluorescent signal ascribed to DY700* was detected, evidencing the presence of the IONPs@PEG*. Images captured at different confocal section planes assessed that they were located inside the cytoplasm and located in the vicinity of the nucleus. This aspect and range of sizes of fluorescent spots suggested an endocytosis pathway, and most likely corresponded to lysosomes.

Therefore the green fluorescent Lysotracker™ dye was used as confirmation, as its signal was observed in cells that were incubated with the IONPs@PEG*, while for the control cells, no After studying extensively the internalization of IONPs@PEG* in U87 glioblastoma cells, we focused on treating them by applying an alternating magnetic field (AMF), with a generator (DM100) and 2-coil inductor (DM3) from the nanoscale Biomagnetics (nB) company (Zaragoza, Spain), specially designed for biological in vivo experimentation (Figure 11 a). The sample (16-well microscopy glass slide) was placed inside of a Helmoltz-like induction coil pair, thermalized at 37.5 °C using a water jacket. The 2-coil configuration of the inductor helped observing the wells containing the cells while performing magnetic hyperthermia during 30 min. The wells were placed in the region of maximum and homogeneous field intensity (Figure 11 b).

Effect of magnetic hyperthermia over the cells' viabilities

The viability of the U87 cells was assayed by BLI readout based on luciferase activity, [17] enabling to test the cytotoxicity of IONPs@PEG*, either happening during IONPs@PEG* internalization or after applying an external AMF to perform magnetic hyperthermia. Circular regions of interests (ROIs) were integrated on BLI images of U87 cells taken 24 hours after AMF treatment to quantify the bioluminescence signal, for monocore (Figure 12 a) or multicore (Figure 12 c) IONPs@PEG*. The cell viability was compared at varying concentrations during incubation, before (blue) or after (red) the AMF application for 30 min, for either monocore (Figure 12 b) or multicore (Figure 12 d) IONPs@PEG*. For both morphologies, the cytotoxicity without the AMF application remained at a low level on all the range of incubation concentrations explored. On the opposite, the magnetic hyperthermia treatment caused a significant decrease of cell viability, with a death after 24 h of approximately 40 % of the cells with monocores, whatever the concentration incubated. In the case of multicores, cytotoxicity determined 24 h after magnetic hyperthermia was even far more pronounced, leading to the death of the majority (80-90 %) of the cells. Looking at these results, the multicores appeared more efficient compared to monocores for the same conditions in a strategy of treatment of glioblastoma cells by magnetic hyperthermia. This result could be explained by several
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Lab-Tek ® microscopy chambers (Thermo Fisher) 24 h before experiments. They were then incubated with 100 µL of IONPs at 100 µg⋅mL -1 in supplemented DMEM for 24 h. They were finally washed with 2 times 100 µL of PBS and 100 µL of fresh supplemented DMEM. The Nunc™ Lab-Tek ® microscopy chamber was placed in the space between the two coils of the DM3 applicator (Figure 11 in previous chapter). Cells were thermalized at 37.5 °C using a water bath connected to a water tubing jacket. The temperature of the sample was monitored using a fiber optic sensor (Neoptix™, Québec city, Canada). The alternating magnetic field was set at a frequency of 473 kHz, 12 kA⋅m -1 of amplitude, and applied for 30 min. The cells were put back in the incubator at 37 °C / 5 % CO 2 and observed by bioluminescence and fluorescence imaging 24 h later.

Results and discussion

Synthesis strategy of the thermosensitive, cell-penetrating, fluorescent and magnetic nanoparticles

Iron oxide nanoparticles (IONPs) were produced by the forced hydrolysis pathway in a mixture of polyol and poly(hydroxy) amine. A spherical monocore morphology was selected by the controlled addition of water to the solvent and no-stirring condition during the synthesis, as previously reported elsewhere. [32] A diblock elastin-like polypeptide (ELP) terminated by a Tat sequence MGCGWPG- The arginine rich YGRKKRRQRRR trailer block is a derivative of the trans-activator of transcription (Tat) sequence of the HIV-1 capsid, and was later used to enhance the cell-penetrating properties of the IONPs. A poly(ethylene glycol) (PEG) terminated at one end with a thiol (mPEG-SH) was also chemically modified with the AEP-GMBS linker previously described to introduce a phosphonic acid anchor group. The near infrared (NIR) fluorescent dye DY700 was also grafted using the phosphonic acid functionalization strategy to track the IONPs in cells and in mice (Figure 1 a). In this study, IONPs were modified with DY700* and either with the ELP* 40-60-Tat or the PEG*, allowing comparing the properties brought from the surface modification of the nanoparticles for the same iron oxide cores.

The rupture of the lysosomes upon application of an external AMF detected on Figure 5 Intracellular distribution and internalization efficiency of nanoparticles in U87 glioblastoma cells. The effect of the nature of surface modification of IONPs grafted with either PEG* or ELP* 40-60-Tat was evidenced on both their internalization and on their sensitivity to magnetic hyperthermia. The size of the pictures is 30×30 μm. was observed in every cell of the samples, as also seen on Figure 6 Intracellular distribution and internalization efficiency of nanoparticles in U87 glioblastoma cells. The effect of surface modification of IONPs grafted with either PEG* or ELP* 40-60-Tat was evidenced on both their internalization and on their sensitivity to magnetic hyperthermia. The scale bars are 50 μm wide.. The effect was nevertheless stronger in the case of U87 glioblastoma cells incubated with IONPs@ ELP* 40-60-Tat nanoparticles compared to IONPs@PEG* ones. In order to study the cell microstructure at higher (nanoscale) resolution, the effect of AMF application on the U87 cells was also observed on TEM microtomes. For untreated cells, the lysosome