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General introduction 1 Motivation

Cancer is one of the leading causes of death worldwide and the number of cancer-diagnosed patients is rapidly increasing, and is expected to reach 22 million cases in the next two decades. 1 Radiotherapy is a key treatment and is beneficial in the treatment of about 50% of all cancer patients. 2 Such treatment relies on the deposition of energy (the dose) in tumor cells, typically by irradiation with either gamma rays or X-rays (photons), sufficient to damage the cancer cells and thus induce tumor death. The success of cancer treatment with radiation depends on the total radiation dose delivered to a tumor and the tolerance of surrounding normal tissue. 3 However, photon radiotherapy is nonspecific, since a significant dose can be delivered along the track of the photons, in front and behind the tumor, 4,5 as shown in Fig. 1a. Numerous solutions have been proposed to overcome this issue, broadly falling into two main categories: (i) implementation of advanced radiation therapy techniques in order to more precisely adapt the dose to the tumor target; (ii) development of a new generation of therapeutic agents that enhance cell killing to ionizing radiation (radioenhancers).

Advances in technology have allowed extremely precise control of radiation dose delivery and localization within the patients, both for diagnosis and radiotherapy treatment planning purposes. 7 These techniques include: (i) the image-guided radiotherapy, such as computed tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET), PET-CT scan, and (ii) intensity-modulated radiotherapy with dynamically controlled multileaf collimators.

Although conventional radiotherapy has been tremendously improved, the use of highly penetrating photons remains critical for the treatment of tumors located in sensitive tissues (head, neck, etc).

Moreover conventional radiotherapy is failing to treat radioresistant cancers. 6 Thus, treatment by particle therapy (Fig. 1b) is being proposed as an alternative to, first, improve tumor targeting due to the unique ballistic effect of ions, and, second, overcome radioresistance using heavy ions that present higher biological efficiency of sterilization. 8 The ballistic effect of ion beams (70-400 MeV/amu) stems from their property to penetrate tissues over several centimers and deposit the maximum energy at the end of their track (the Bragg peak) in a confined spatial extent. This unique property reduces the incidental irradiation of surrounding tissues. Second, their high biological efficiency (up to 4 times higher than x-rays for carbon ions) allows increasing the therapeutic index in the treatment of radioresistant tumors (e.g. glioblastoma and chordoma). 9 However, because of the physical profile of the ion beam, a low but significant dose deposited in front the tumor is unavoidable.

To overcome these limitations, the addition of nanoagents to the tumor has been proposed as a challenging strategy to improve the performance of radiation treatments, with the aim to increase the differential effect between healthy and tumor tissues. In 1980, Matsudaira et al. first demonstrated that iodine contrast medium could enhance cell killing to x-rays. 10 Nanoparticles (NPs) with size ranging from 1 to 100 nm, can improve therapeutic benefits by reducing side effects and increasing drug accumulation inside tumors exploiting the enhanced permeability and retention (EPR) effect (Fig. 2). 11 The physicochemical properties (size, shape, coating and functionalization) of NPs influence their pharmacokinetics, bioavailability, biodistribution, as well as targeting and intracellular delivery.

Fig. 2 Schematic illustration of passive targeting via the EPR effect (adapted from Stockhofe K, et al, 2014, Pharmaceuticals 12 ).

Compared to organic NPs, metal-based NPs display advantageous properties including:

(i) high Z which confers them the property to release high amounts of electrons (proportionally to Z) when activated by high-energy radiation and to be visible by computed tomography (CT) contrast imaging because their high X-ray attenuation; 13 (ii) their rich surface chemistry, which allows the incorporation of various molecules active for imaging modalities, as well as tumor targeting ligands and anti-tumoral drugs into a single vector, offering a unique potential to improve cancer therapeutic and diagnostic; 14 (iii) their preferential accumulation in the tumors may by EPR effect thanks to their size. 15 In the last few decades, numerous studies focused on the properties of high Z metal-based NPs, termed nano-radio-enhancers (NREs), such as gold (Au), 5,16,17 gadolinium (Gd) 18 and hafnium 19 nanoagents to amplify the effects of radiotherapy. Aside from radiotherapy, metal-based NPs are proven to be successful candidates for imaging techniques. A number of publications have shown the efficiency of Au NPs for diagnostic and therapeutic applications in cancer therapy. [START_REF] Liu | Metal-based nanoenhancers for future radiotherapy: radiosensitizing and synergistic effects on tumor cells[END_REF] Recently, CT-guided radiotherapy using Au NPs to enhance both CT image contrast and radiation effects in a tumor was studied. [START_REF] Al Zaki | Goldloaded polymeric micelles for computed tomography-guided radiation therapy treatment and radiosensitization[END_REF] On the other hand, Gd-based NPs with unique paramagnetic properties have been used in patients for MRI [START_REF] Lohrke | 25 years of contrast-enhanced MRI: developments, current challenges and future perspectives[END_REF] since1988 and researched for CT [START_REF] Havron | Heavy metal particulate contrast materials for computed tomography of the liver[END_REF] Challenges to put on the market are mainly due to (i) difficulties in industrialization of synthesis and the Current Good Manufacturing Practices (CGMPs) processes, (ii) potential toxicity, (iii) nonsuitable pharmacokinetics and low penetration in the tumors. [START_REF] Lux | AGuIX® from bench to bedside-Transfer of an ultrasmall theranostic gadolinium-based nanoparticle to clinical medicine[END_REF] Hence it is crucial and required to use a facile approach to produce novel, non-toxic NREs, which offer the advantage of being easily functionalized and stable, as well as exhibiting good biocompatibility and pharmacokinetics. Much as the research is placed in novel NREs, of which Pt NPs is one of the promising candidates.

Objective

The aims of this work are:

Use a simple and fast method to produce small, stable, biocompatible and multimodal Pt NPs with good distribution and pharmacokinetics, to improve the performance of radiotherapy and the evaluation of their potential impact on the biological entities (i.e. protein).

The research processes of this study are illustrated in Fig. 3. It includes:

1) The preparation of Pt NPs able to improve the performances of radiation therapies. In this perspective (i) a method of synthesis was optimized and physico-chemical characteristics of the nanoagents characterized; (ii) a characterization of the cell uptake; (iii) an evaluation of the radioenhancement efficiency of Pt NPs in vitro and identification of related the molecular scale mechanisms.

2) The development of an experimental protocol on synchrotron to rapidly evaluate the impact of NPs on blood proteins with the view to prevent side effects during intravenous injection. The interaction between two types of NPs (AGuIX and Pt NPs) with human albumin was studied here.

3) The first parametrization of Pt NPs to in vivo detection by CT and PET, and biodistribution. In Chapter II, the synthesis of two types of PEGylated Pt NPs by water radiolysis is presented. A multi-disciplinary approach was used to quantify the efficiency of these Pt NPs as radio-enhancers and to identify the elementary mechanisms underlying this effect.

In Chapter III, the impact of NPs (i.e. AGuIX NPs and Pt NPs) on blood proteins, human serum albumin in particular, is presented. This study aims at preventing potential harmful effects when intravenous injection is proposed to load the nanoagents.

In Chapter IV, functionalization and evaluation of Pt NPs as promising contrast agents for CT imaging and PET imaging as well as first in vivo biodistribution experiments, are presented.

Chapter I State-of-art 1. Metal-based NPs for radiation therapy

Principle of radio-enhancement by metal-based NPs

The principle of radio-enhancement has been extensively described in the review of Kuncic et al. [START_REF] Kuncic | Nanoparticle radio-enhancement: principles, progress and application to cancer treatment[END_REF] Briefly, when incident photons hit a material, there are several types of interactions that are responsible for electronic perturbation and emission. Photoelectric effect is the dominant interaction process of low energy photons (typically up to 500 keV) with high-Z atoms (Z≈60~80 amu). [START_REF] Kuncic | Nanoparticle radio-enhancement: principles, progress and application to cancer treatment[END_REF] The most studied high-Z NPs considered as NREs include Au (ZAu=79), Pt (ZPt=78), Hf (ZHf=72) or Gd (ZGd=64). The photoelectric cross-section strongly depends on Z, especially at photon energies E just above the absorption edges of the atom, where σ ∝ (𝑍/𝐸) 𝑛 , with n=3-4.

As shown in Fig. I-1a, when the incident keV photon is absorbed by the atom, result in the ejection of an electron. As the atom is left in an ionized state, the characteristic Auger-electrons or fluorescent photons are produced when the ejected electrons are replaced by another one dropping from the higher orbits and energy is released. The Auger electrons have shorter range of coverage but can generate much higher ionization density at a localized area. 16 At photon energies >500 keV, as shown in Fig.

I-1b,

Compton scattering becomes the dominant interaction process with high-Z atoms and the atomic cross section varies as 𝜎 ∝ 𝑍. At MeV photon energies, pair production can also occur, however it is less important than Compton scatter at clinically relevant energies (below 10 MeV).

These Photo-, Compton-, or Auger-electrons may successively ionize surrounding biomolecules as well as neighboring NPs. This cascade is expected to result in the enhancement of the radiationinduced perturbation highly localized to the NP-loaded biosystem. 25 

Gd NPs

In this work, a Gd-based radio-enhancer currently tested in clinic, was used to test the method developed to probe the impact of NPs on a blood protein.

Gd NP production

A sub-5 nm GdNP, named "AGuIX" (Activation and Guidance of Irradiation by X-ray), was developed entirely by our collaborators Francois Lux and Olivier Tillement (from Lyon I). The agent is now developed by the start-up they founded, NHTherAguix (http://nhtheraguix.com/). The synthesis of AGuIX has been described elsewhere. [START_REF] Lux | Ultrasmall rigid particles as multimodal probes for medical applications[END_REF][START_REF] Mignot | A Top-Down synthesis route to ultrasmall multifunctional Gd-Based silica nanoparticles for theranostic applications[END_REF][START_REF] Duc | Advantages of gadolinium based ultrasmall nanoparticles vs molecular gadolinium chelates for radiotherapy guided by MRI for glioma treatment[END_REF] Briefly, gadolinium oxide core is synthesized in diethylene glycol before being encapsulated in a polysiloxane shell using hydrolysiscondensation of aminopropyltriethoxysilane (APTES) and tetraethylorthosilicate (TEOS). Thanks to the primary amino groups from APTES, the obtained nanostructures are then functionalized by DOTAGA chelates (1,4,7,10-tetraazacyclododecane-1-glutaric anhydride-4,7,10-triacetic acid).

These DOTA complexes are covalently bound at the surface of the particle via an amide bond. The platforms. [START_REF] Lux | Ultrasmall rigid particles as multimodal probes for medical applications[END_REF] (B) AGuIX NPs for image-guided radiation therapy. 29

Gd NP for radiation therapy

The studies focused on Gd NPs used as a NRE, in particular AGuIX® are summarized. AGuIX

NPs exhibit magnetic properties so as a MRI contrast agent. They are also good radio-enhancer. In total, they are theranostic agents, i.e. that have the properties to improve both medical imaging and radiation effect (as shown in Fig. I-2B). They distribute in the body by EPR effect. beams and the effect was found to be slightly more pronounced with carbon ions (≈19%) compared to helium ions (≈11%). [START_REF] Porcel | Gadolinium-based nanoparticles to improve the hadrontherapy performances[END_REF] It was demonstrated that hydroxyl radicals play a major role in the enhancement of particle beam treatment associated with AGuIX NPs. In vivo experiments with intravenous or intra-tumoral injection for subcutaneous and orthotopic lesions have been performed

by Le Duc et al. 15 and Bianchi et al. [START_REF] Bianchi | Targeting and in vivo imaging of non-small-cell lung cancer using nebulized multimodal contrast agents[END_REF] . AGuIX NPs exhibit low toxicity when employed with mice and monkeys. They are eliminated rapidly via the kidneys. [START_REF] Sancey | Long-term in vivo clearance of gadolinium-based AGuIX nanoparticles and their biocompatibility after systemic injection[END_REF][START_REF] Kotb | Safety Evaluation and Imaging Properties of Gadolinium-Based Nanoparticles in nonhuman primates[END_REF] . Two Phase Ib clinical trials NanoRAD (NCT02820454) and NanoCOL (NCT03308604) have been investigated with AGuIX NPs to validate their interest for human applications, using intravenous administrations. Clinical phase II trial is currently in progress.

Pt NPs

New Pt NPs were produced in this work and were tested. Here different methods of synthesis have been reviewed.

Methods of synthesis

Several methods to synthesize Pt NPs already exist. They can be divided into three groups: chemical reduction, light assisted reduction and biologically-assisted procedure. The advantages and drawbacks of chemical and biological methods are summarized in Table I

-1.
In the chemical methods, the use of large amounts of capping agents, surfactants, and organic solvents that are often toxic, affect the toxicological profile of NPs. Moreover, production at large scale poses environmental risks. In the bio-assisted syntheses, the presence of undesired contaminants, such as endotoxins and fragments of biological materials with unwanted biological activity, require difficult, expensive, and time-consuming purification procedures. Even if bio-assisted procedures are promising, up to now they typically failed to achieve fine control over the NP properties. In the group, in collaboration with Hynd Remita (Institut de Chimie-Physique, Université Paris-Saclay, Orsay, France), a new method based on radiolysis has been introduced. It is promising as it offers an accurate control of size and shape of the NPs. [START_REF] Adil | Biogenic synthesis of metallic nanoparticles and prospects toward green chemistry[END_REF] The first synthesis of PEGylated Pt NPs dedicated to the improvement of radiotherapy performance, was developed by Daniela Salado during her PhD. My work consisted in the optimization of the method and product to improve stability, storage, efficacy of the NPs and to adapt their functionality to in vivo tests.

Principle of the synthesis by radiolysis

The interaction of high-energy radiation with a solution of metal ions induces ionization and excitation of the solvent, and leads to the formation of radiolytic molecular and radical species throughout the solution. [START_REF] Remita | Comparative study of metal clusters induced in aqueous solutions by γ-rays, electron or C6+ ion beam irradiation[END_REF] For example in aqueous solutions (Equation 1) the produced hydrated electrons (e - aq) and H˙ atoms are strong reducing agents ( E 0 (H 2 O/e aq -) = -2.87V NHE and of E 0 (H + /H . ) = -2.3V NHE , respectively). [START_REF] Rojas | Production of palladium nanoparticles supported on multiwalled carbon nanotubes by gamma irradiation[END_REF] Metallic complexes in solution are reduced and metal ions are transformed into zero-valent metal atoms (Equation 2 and 3).

H 2 O γ-rays → e aq -, H 3 O + , H • , OH • , H 2 , H 2 O 2 (1) 
M n+ + 𝑒 𝑎𝑞 -→ M (n-1)+ (2) 
M n+ + H . → M (n-1)+ + H +

Metal atoms formed in solution by reduction then tend to associate with other ions and coalesce into dimers. [START_REF] Remita | Comparative study of metal clusters induced in aqueous solutions by γ-rays, electron or C6+ ion beam irradiation[END_REF] These dimers progressively grow into oligomers followed by larger clusters. These clusters are distributed homogeneously throughout the solution and can act as nucleation center. For free clusters such as nanocolloids in solution, the coalescence may be limited by a polymeric molecule acting as a cluster stabilizer. [START_REF] Keita | STM investigation of platinum oligomer clusters prepared by radiolysis[END_REF] Polymers such as poly(viny)alcohol (PVA), poly(vinyl)pyrolydone (PVP), polyacrylic acid (PA) are often used (Fig. I-3). This method provides the advantage of producing metallic nuclei homogenously and instantaneously with a narrow particle size distribution. [START_REF] Flores-Rojas | Gamma-irradiation applied in the synthesis of metallic and organic nanoparticles: a short review[END_REF] Also, the NPs produced in such method proceed without subsequent steps of purification due to the lack of pollutants, providing a clean alternative over other methods. [START_REF] Flores-Rojas | Gamma-irradiation applied in the synthesis of metallic and organic nanoparticles: a short review[END_REF] Therefore, this methodology represents a revolutionary and green approach to synthesize NPs with a good control. 

Radio-enhancement by Pt-based agents

Few studies reported on the radio-enhancement effects of Pt-based agents for ionizing radiations (see summary in Table I-2). In 2002, Kobayashi et al. reported that chloroterpyridine Pt (PtTC) enhances the induction of x-ray-induced complex damage. [START_REF] Kobayashi | Enhancement of X-rayinduced breaks in DNA bound to molecules containing platinum: a possible application to hadrontherapy[END_REF] The authors strongly contributed to open the paradigm of amplifying radiation effects using high-Z elements. In 2008, the effect of the efficacy of the same platinum complexes (PtTC) to amplify the effects of carbon ions was shown by Usami et al. in vitro. [START_REF] Usami | Mammalian cells loaded with platinum-containing molecules are sensitized to fast atomic ions[END_REF] This study confirmed that hydroxyl radicals play a major role. More importantly, it showed that radio-enhancement by high-Z agents activated by ionizing radiation begins in the cell cytoplasm.

Unfortunately, such compounds are not tumor selective, which is a major limitation to enhance tumor targeting. Pt NPs were proposed as a alternative to not only amplify radiation effects (using the same property of Pt atoms) but also exploiting the property of small NPs to enrich tumors by EPR effect.

In 2010, the group proposed Pt NPs to enhance the effect of medical ion beams used in hadron therapy, a radiation protocol even superior to conventional radiotherapy. [START_REF] Porcel | Platinum nanoparticles: a promising material for future cancer therapy?[END_REF] The group observed that Pt NPs strongly enhance nanosize breaks by a factor of 2. Afterwards, the group published a series of papers in which studies the effects of Pt NPs at molecular scale were presented. The group reported that Pt

NPs enhance the complex damage with low energy x-rays, γ-rays, and fast ions (He 2+ ). [START_REF] Porcel | In Photosensitization of plasmid-DNA loaded with platinum nano-particles and irradiated by low energy X-rays[END_REF][START_REF] Porcel | In Nano-sensitization under gamma rays and fast ion radiation[END_REF] The results demonstrated that the production of hydroxyl radicals is mainly involved in the effect of NPs to amplify radiation-induced damages (indirect process), while the direct processes (induced by photons, electrons or incident particles) contribute less. In particular Pt NPs were found to amplify the induction of nanosized breaks using fast protons (150 MeV H + ) as ionizing radiation. 

Impact of NPs on proteins

NPs can be administered by intratumoral or intravenous injection. Considering the side effects of intratumoral injection (pain, erythema, and pyrexia), intravenous injection is preferable. As shown in Fig. I-4, when NPs enter the bloodstream, they can interact with proteins. The NP-protein interactions may influence the fate of NPs in the systemic circulation and induce conformational changes of protein thus causing potential harmful effects. [START_REF] De La Cruz | Unraveling the Safety Profile of Nanoscale Particles and Materials-From Biomedical to Environmental Applications[END_REF] The present section provides state-of-art about the impact of NPs on proteins. 

Protein structure and properties

Proteins are composed of L-amino acids which are linked to each other to form a polypeptide chain. [START_REF] Ferrier | Biochemistry[END_REF] There are 20 different amino acids. An amino acid is composed of an amino group (-NH2), a carboxyl acid group (-COOH), and a side group (-R). The polypeptide chain varies in size, shape, charge and hydrogen bonding capacity. Side-chains also vary in polarity and hydrophobicity.

The different levels of protein structure are presented in Fig. I-5. The protein primary structure is the sequence of amino acids in the polypeptide chain, it also implies the location of disulfide bridges.

The primary structure determines the spatial organization of the protein molecule. The secondary structure is responsible of the flexibility in the chain. The two main secondary structures are the αhelix and the β-sheet, both being held together by hydrogen bonds and twist. Another important secondary structure is the random coils and turn. And tertiary structure is the overall topology of the polypeptide chain. This is the three-dimensional arrangement of the secondary structure, corresponding to a global minimum energy. The quaternary structure is composed by several tertiary structures bound together. 

Human serum albumin (HSA)

Among various proteins, HSA is the most abundant plasma protein. It is commonly used as a model protein for drug interaction study. [START_REF] Lee | Modifications of human serum albumin and their binding effect[END_REF] HSA maintains the colloid osmotic pressure of plasma and transports endogenous (including fatty acids, lysophospholipids, bilirubin, metal ions) and exogenous compounds. [START_REF] Peters | All about albumin: biochemistry, genetics, and medical applications[END_REF] This protein is composed of 585 amino acid with a molecular mass of 66 kDa.

As shown in Fig. I-6, HSA folds into three homologous α-helical domains (domain I, domain II, and domain III), which assemble into a heart-shaped molecule. Each domain contains 10 helices and is divided into anti-parallel six-helix and four-helix sub-domains (A and B). [START_REF] Sugio | Crystal structure of human serum albumin at 2.5 Å resolution[END_REF] The shape of HSA is approximately equilateral triangular prism with length of ~8 nm and height of ~3 nm. [START_REF] Maffre | Effects of surface functionalization on the adsorption of human serum albumin onto nanoparticles-a fluorescence correlation spectroscopy study[END_REF] At physiological conditions (pH 7.4), HSA is negatively charged (pI=4.7). [START_REF] Baler | Electrostatic unfolding and interactions of albumin driven by pH changes: a molecular dynamics study[END_REF] The binding affinity of NPs to HSA impacts its delivery, distribution, and toxicity in vivo. 

The impact of NPs (apply to all NPs) on proteins (state of art)

NP size, shape, surface charge, hydrophobicity, and surface coating have been shown to affect protein interaction with NPs.

NPs of different sizes or shapes have unlike impact on proteins. [START_REF] Saptarshi | Interaction of nanoparticles with proteins: relation to bio-reactivity of the nanoparticle[END_REF] The amount of proteins binding on NPs increased with increasing available surface area at constant particle weight. [START_REF] Lundqvist | The evolution of the protein corona around nanoparticles: a test study[END_REF] García-Álvarez et al. have reported that Au nanostars showed higher degree of proteins binding due to the greater surface area of Au nanostars than that of nanorods. [START_REF] García-Álvarez | In vivo formation of protein corona on gold nanoparticles. The effect of their size and shape[END_REF] NPs with charged or hydrophobic surfaces, tend to bind and denaturate proteins than neutral and hydrophilic surfaces. [START_REF] Aggarwal | Nanoparticle interaction with plasma proteins as it relates to particle biodistribution, biocompatibility and therapeutic efficacy[END_REF] Cedervall et al., showed that increasing the negative charge density and hydrophobicity of polystyrene NPs increases protein binding. [START_REF] Cedervall | Understanding the nanoparticle-protein corona using methods to quantify exchange rates and affinities of proteins for nanoparticles[END_REF] Surface coating is another important factor. PEG can be used for NP surface coating to avoid proteins binding. This imparts a "stealth character" to an NP surface, shielding it from being recognized by immune cells. [START_REF] Saptarshi | Interaction of nanoparticles with proteins: relation to bio-reactivity of the nanoparticle[END_REF] Siliconate treatment of the NP surface has also been reported to prevent protein binding. [START_REF] Deng | Differential plasma protein binding to metal oxide nanoparticles[END_REF] 

The impact of NPs on protein conformation

Typically, proteins can change their conformation upon interaction with NPs. However, the perturbation of protein structure in the presence of NPs still happens to varying extents.

Shang et al. studied the unfolding kinetics of albumin when bind on silica NPs and indicated that upon binding, the proteins show a rapid conformational change at both secondary and tertiary structure level. [START_REF] Shang | pH-dependent protein conformational changes in albumin: gold nanoparticle bioconjugates: a spectroscopic study[END_REF] Circular dichroism (CD) spectroscopy which monitors changes in chiral properties of the protein were commonly used to predict changes in its secondary structure. Lacerda et al. studied how HSA were affected by Au NPs of different sizes using CD technique. [START_REF] Lacerda | Interaction of gold nanoparticles with common human blood proteins[END_REF] The CD signal was decreased for proteins, indicating a loss of protein structure upon the interaction with Au NPs. Many studies have found that loss of alpha helical content occurs when proteins bind onto NPs. [START_REF] Shang | pH-dependent protein conformational changes in albumin: gold nanoparticle bioconjugates: a spectroscopic study[END_REF][START_REF] Vertegel | Silica nanoparticle size influences the structure and enzymatic activity of adsorbed lysozyme[END_REF] It was shown by Ragi et al. that a decrease in alpha helical of HSA is compensated by gain of the sheet and turn structures in the presence of PEG, as detected by CD. [START_REF] Ragi | The effects of poly (ethylene glycol) on the solution structure of human serum albumin[END_REF] In some cases, although the protein may retain most of its native structure after binding on the NP surface, the thermodynamic stability of the protein is decreased, making the protein more sensitive to chemical denaturants such as urea. [START_REF] Shang | Unfolding of ribonuclease A on silica nanoparticle surfaces[END_REF] Hence, concerns have been raised about the impact of NP on proteins conformation, as changes in protein structure or stability may lead to loss of biological function. More importantly, the application of NPs in drug delivery is challenged by the potential destruction of protein function when NPs enter the human body. Therefore, it is essential to understand in detail the effects of NPs on protein structure.

The impact of NPs on protein fibrillation

Over the past two decades, there has been considerable research interest in the study of impact of NPs on protein fibrillation, and of amyloid-related diseases. [START_REF] Zaman | Nanoparticles in relation to peptide and protein aggregation[END_REF] Protein fibrillation is a process by which misfolded proteins form large linear aggregates or amyloid fibrils. [START_REF] Mahmoudi | Protein fibrillation and nanoparticle interactions: opportunities and challenges[END_REF] Formation of amyloid can occur at higher temperatures, where proteins undergo partial unfolding. [START_REF] Kumar | Mechanisms of amyloid fibril formation by proteins[END_REF] Protein fibrillation is associated with amyloid diseases such as Alzeimer's and Parkinson's. [START_REF] Mahmoudi | Protein fibrillation and nanoparticle interactions: opportunities and challenges[END_REF] The interaction of NPs with proteins can inhibit or facilitate amyloid formation. There are some reports show NPs (i.e. cerium oxide and quantum dots) present enormous surface areas, are found to enhance the rate of protein fibrillation. [START_REF] Lynch | Protein-nanoparticle interactions[END_REF] The observation of fibrillation raises the possibility that NPs play a role in amylodosis and other protein-misfolding diseases, and great care must be taken to ensure their safe use. In some cases, NPs inhibit the fibrillation. Hydrated fullerence (C60) show antiamyloidogenic properties by inhibiting the fibrillation of amyloid-beta peptide. [START_REF] Podolski | Effects of hydrated forms of C60 fullerene on amyloid β-peptide fibrillization in vitro and performance of the cognitive task[END_REF] 

Imaging-guided biodistribution and pharmacokinetic studies of metal-based NPs

To better understand and to optimize radio-enhancers for radiation therapy, it is important to monitor their pharmacokinetics and biodistribution in vivo. In recent years, there has been an increasing focus on the use of non-invasive imaging techniques, such as magnetic resonance imaging (MRI), X-ray computed tomography (CT), positron emission tomography (PET), single-photon emission computed tomography (SPECT), optical imaging and ultrasound (US) for diagnostic evaluation and therapeutic treatment planning. [START_REF] Fass | Imaging and cancer: a review[END_REF] The advantages and disadvantages of these non-invasive imaging techniques are summarized in Table I-3. Among these techniques, MRI and CT, provide high-resolution anatomic and physiologic information using high electron-dense contrast agents. [START_REF] Kircher | Molecular body imaging: MR imaging, CT, and US. part I. principles[END_REF] PET is an imaging technique in which positron-emitting radionuclides are visualized and quantified. [START_REF] Shukla | Positron emission tomography: An overview[END_REF] However, conventional CT contrast agents and PET radiotracers have many limitations due to their nonspecific distribution throughout the body, fast metabolism, and undesirable side effect. [START_REF] Davis | Nanoparticle therapeutics: an emerging treatment modality for cancer[END_REF] To overcome these shortcomings, NP 

CT-guided biodistribution and pharmacokinetic study of metal-based NPs

CT is one of the most powerful and widely used imaging modalities, accounting for 50-75% of all medical imaging in modern practice. [START_REF] Yu | Metal-based X-ray contrast media[END_REF] CT provides non-invasive three-dimensional imaging capabilities at lower cost and higher spatial and temporal resolution than other imaging modalities such as MRI and PET. 88 CT imaging can reveal a patient's anatomy in exquisite detail and is extremely useful in the diagnosis of a wide variety of diseases.

CT is based on x-rays traveling through the body. The CT image is sensitive to x-ray attenuation given by

I = I 0 e -μx
where I is the intensity of the x-rays transmitted through the subject, I0 is the intensity of the x-rays before to enter the subject, μ is the linear attenuation coefficient of the target, and x is the thickness.

The attenuation is measured in Hounsfield units (HU), normalized to the attenuation of water.

Due to the lack of inherent contrast for soft tissue imaging, the majority of CT scans make use of high atomic weight contrast agents. [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] In current clinical practice, iodine is the most commonly used element for intravascular CT contrast. Iodine contrast agents are made up of water-soluble aromatic iodinated compounds. These compounds provide effective contrast due to their high atomic number, which produces a strong photoelectric effect. [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Iodinated contrast agents are rapidly cleared from the bloodstream by the kidneys, [START_REF] Bourin | An overview of the clinical pharmacokinetics of x-ray contrast media[END_REF] so there is only a very short window for imaging after injection.

To overcome the rapid clearance of the traditional contrast agents, high Z metal-based NP have been developed incorporating various heavy elements such as Au, [START_REF] Van Schooneveld | A fluorescent, paramagnetic and PEGylated gold/silica nanoparticle for MRI, CT and fluorescence imaging[END_REF][START_REF] Cormode | Atherosclerotic plaque composition: analysis with multicolor CT and targeted gold nanoparticles[END_REF] bismuth, [START_REF] Naha | Dextran coated bismuth-iron oxide nanohybrid contrast agents for computed tomography and magnetic resonance imaging[END_REF] or Pt. [START_REF] Chou | In vitro and in vivo studies of FePt nanoparticles for dual modal CT/MRI molecular imaging[END_REF] They exhibit long blood residence time and attenuate x-rays more strongly than iodine. They are particularly promising for in vivo imaging applications because they are inert and can be readily modified with surfacelinked molecules to make them biocompatible. [START_REF] Li | Biocompatibility and toxicity of nanoparticles and nanotubes[END_REF] Surface conjugation is important for NPs used as contrast agents, because bare NPs adsorb serum proteins and are readily recognized and cleared by the immune system. A variety of molecules can be added to the NP surface to decrease their clearance, but the most common modification strategy is the addition of PEG. [START_REF] Jokerst | Nanoparticle PEGylation for imaging and therapy[END_REF] The most commonly used metallic NPs for CT imaging are Au NPs. Small NPs with a long circulation time in vivo can lead to the accumulation of NPs in tumors owing to their leaky vasculature. Hainfeld and coworkers injected Au NPs into mice with a brain tumor xenograft to assess uptake. A high concentration (4 g/kg) was used to achieve a high tumor uptake (1.5% w/w Au). Tumors continued to be visible on CT scans up to 8 days after intravenous injection. [START_REF] Hainfeld | Gold nanoparticle imaging and radiotherapy of brain tumors in mice[END_REF] The coating of Au NPs with PEG changes their route of clearance from the renal system to the reticuloendothelial system (RES).

PEGylation increases circulation time of the NPs within the body and can allow NPs to be passively targeted to tumor cells. Clearance by the RES may also cause NPs accumulation in the liver and spleen.

Multiple formulations of bismuth NPs have been proposed for use as CT contrast agents. [START_REF] Swy | Dual-modality, fluorescent, PLGA encapsulated bismuth nanoparticles for molecular and cellular fluorescence imaging and computed tomography[END_REF][START_REF] Rabin | An X-ray computed tomography imaging agent based on long-circulating bismuth sulphide nanoparticles[END_REF] However, very few cases of using Pt NPs as contrast agents have been reported.

PET-guided biodistribution and pharmacokinetic study of metal-based NPs

PET imaging is a non-invasive modality for diagnosis. Because of its high sensitivity, unlimited penetration depth, quantitative analysis and broad range of available radionuclides, PET is very efficient to monitor the pharmacokinetics, biodistribution and target site accumulation of radiolabeled particles. 100 PET uses pharmacologically or biochemically active compounds labeled with short-lived or longlived positron-emitting radionuclides to monitor their biodistribution, physiological processes and biochemical pathways etc. 101 These radionuclides are incorporated into molecules during the radiosynthesis step, generating radiotracer. PET scans are acquired following the injection of the radiotracer. The radiotracer accumulates in the tissues, and the radionuclide decays by emission of a positron (anti-electron). After traveling a few milimeters, a positron collides with an electron, simultaneously releasing two γ-rays (photons) with energy of 511 keV into opposite directions. These two photons are detected by the PET camera and by collecting a significant number of radioactive events. Mathematical algorithms are used to reconstruct a three-dimensional image that shows the distribution of the positron-emitting molecules in the tissues. 102 PET imaging systems provide high spatial resolution and high sensitivity. Diagnostic accuracy of PET is 8-43% higher than conventional imaging techniques. 103 Among various metal-based NPs reported, radiolabeled Au NPs are most predominantly studied for use in molecular imaging due to their unique size-dependent physiochemical and optical properties, biocompatibility, ease of characterization, and rich surface chemistry. 

Chapter II Platinum nanoparticles for radiation therapy

NPs composed of high-Z elements, especially Pt NPs, hold great potential for radiation applications due their high capacity to emit electrons when activated by high energy radiation.

Pt NPs are prepared using various methods based on chemical and radiolytic processes. In all the cases, toxic chemicals are used. Thus, these methods present environmental hazards and several steps of cleaning and purification are needed to obtain nontoxic and sterile solutions. In this work a new method is proposed to overcome these limitations. It consists in a one-step synthesis of NPs using water radiolysis as main process. The NPs that are non-toxic, stable under physiological conditions, producible in large scale quantities and the solution is sterile. This method is "green", simple, fast and presents a unique 100% production rate.

In the first section, the first illustration of this method is the synthesis of small PEGylated (poly(ethylene glycol)) PtPEGOH NPs. This work initiated by Daniela Salado, was finalized during my PhD by improving the long-term stability of NPs. In addition to the details on synthetic method, a full characterization of the NPs is presented. Their efficacy as radio-enhancers has been tested using gamma rays and a medical carbon beam as incident radiation. This latter modality presents advantageous characteristics compared to conventional radiotherapy including a superior tumor targeting and higher biological efficiency (see section 1). The elementary mechanisms underpinning the effect of NPs are also described. The section consists of the paper that is currently submitted to Nanotechnology, Science and Applications, entitled "Green one-step synthesis of medical nanoagents for advanced radiation therapy".

In the second section, an another illustration of the method is given with the synthesis of PEGylated 

Chapter III The impact of nanoparticles on proteins

Administration of NPs in the tumor is a crucial concern. The intravenous injection is the best option to avoid pain (compared to intra-tumoral injection). However, once NPs enter blood stream, unexpected impact due to interaction of NPs with proteins, may be a major limitation. In particular, modification of protein structures may induce strong toxicity by changing physiological function.

Thus, recently, the impact of NPs on blood proteins became a major research topic.

Among high-Z NPs studied these last decade, Gd-based NPs (AGuIX, developed by NHTherAguix, Grenoble, France), was found to be one of the best candidates. They are currently tested in phase 2 clinical trial. The impact of these nanoagents on human albumin was evaluated by complementary techniques. It showed that there was a significant increase of HSA melting temperature when AGuIX was added at high concentrations. This result underpins an increased protein stability. We ascribed this effect to preferential hydration mechanism. The related results are reported in a paper "Human Serum Albumin in the presence of AGuIX nanoagents: structure stabilisation without direct interaction" which is submitted to Scientific Reports and reported in section 1.

The efficiency of Pt NPs to amplify the effects of radiation therapy at molecular level and cellular level were demonstrated by our group. The impact of proteins upon interaction with Pt NPs were investigated using various techniques. It was found that Pt NPs do not bind to proteins. Moreover, a significant increase of protein melting temperature upon interaction with Pt NPs was observed. Such an increase in protein thermal stability may be the result of preferential hydration of proteins. The relevant experimental results are reported in a paper "Platinum Nanoparticles stabilize Human Serum Albumin structure without direct interaction" which is in preparation and reported in section 2. Corrected data refer to experimental data after subtraction of the control data.

SRCD

The SRCD spectra of samples were measured on the DISCO beamline, SOLEIL synchrotron radiation facility, Saint-Aubin, France. To prepare the sample, 4 μL pure or Pt NPs-HSA solution was placed in CaF2 cuvettes with a 50 μm pathlength. All the spectra were treated and then analyzed using the same method as described in the previous section.

Results and discussions

DLS analysis

In 

ITC

The binding properties of the Pt NPs with HSA were consecutively studied using ITC. from the data obtained for the Pt NPs-protein system. ITC results showed there is no significant binding. This finding is consistent with studies on telodendrimer-based NPs having PEG in the surface. 3 The functionalization of NPs by PEG may prevents interaction with proteins. 4 

Fig. III-2. ITC plots of differential power throughout the titration (a), integrated heat as a function of the mole ratio of Pt NPs-HSA (b).

SRCD SRCD spectra aquisition

Structure analysis

Fig. III-6

shows that as temperature rise, the content of α-helix decreases from 61% to 29%. Contrary, β-sheet and random coil increase from 1% to 20% and 30% to 40% respectively. The turn component of HSA remained practically constant for all the samples at ~10%. The same trends were found in the presence of Pt NPs (ratios of Pt NPs-HSA ranging from 1:30 to 1:1), except the structuration in beta sheet which was significantly lower at high temperature.

In pure HSA, an increase in β-sheet conformation from 0% to 20% at the expenses of the α-helix content (which diminished from 57% to 28%) was observed when the temperature rised from 38°C to 89°C. This phenomenon was already observed and explained by our group in the previous section.

The cooperative hydrogen bonds that stabilize the helical structure weaken, which expose the hydrophobic groups of the protein to the solvent. This mechanism partially unfolds the protein, which favors the formation of beta-sheet-rich amyloid fibrils. 5 It was shown that NPs (i.e. AGuIX) can influence the protein fibrillation process. In the presence of Pt NPs, the alpha helix decreased less than for pure HSA. In this case, an increase of the random coils substituted the α-helix loss, indicating that Pt NPs prevent inter-protein interactions and thus increase the stability of proteins.

Thermodynamic analysis

The values of enthalpy variation (ΔH 0 ) and entropy variation (ΔS 0 ) are presented in the Table III

-1.
With increasing Tm, we observed a gradual increase of ΔH 0 and ΔS 0 in the presence of Pt NPs. ΔH 0 increase from ~87 kJ/mol for pure HSA to ~116 kJ/mol for Pt NPs-HSA=1:1. The same phenomenon was observed with AGuIX and other type of NPs. It is ascribed to preferential hydration mechanism by Senske et al that NPs stabilize the native conformation of proteins compared to the unfolded state under external stresses such as temperatures. 6 This stabilization is explained by an unfavourable interaction of the protein and the NPs, leading to a preferential hydration of the protein. Since the solvent accessible surface area is usually increased for the unfolded state, in the presence of Pt NPs, this would increase the thermodynamically unfavourable situation and require more energy for unfolding (unfolding enthalpy variation would increase with the Pt NPs concentration) than in water.

As a result, the folding equilibrium should tend to shifted toward the more folded, native state. 

Conclusion

In summary, the DLS and ITC results demonstrated that Pt NPs does not bind to HSA even at the high ratio of 1 Pt NP per HSA. SRCD secondary spectra show that even the high concentration of Pt NPs does not induce significant change of the protein conformation. The thermal stability of protein is assessed by SRCD by monitoring the spectral changes in the spectra with increasing temperature.

An increase of 18°C in the thermal unfolding of HSA upon interaction with Pt NPs was found, which

Pt NPs for radiation therapy in melanoma cells

Melanoma is highly aggressive, leaving untreated patients with a median survival of <12 months. 1 In recent years, the incidence of melanoma has been increasing rapidly. 2 Melanoma is a cancer that is difficult to cure by conventional therapy, 3,4 which is one of the reasons why we chose to focus on melanoma in this study. Yang et al found greater intracellular spread in melanoma cells using lipidencapsulated AuNPs. 5 Following irradiation with 4 Gy 137 Cs, they observed a 3-fold increase in melanoma cell death in the presence of NPs.

The use of PEGylated Pt NPs for radio-enhancement in cervical HeLa cancer cells was already demonstrated by our group. However, the radiation effect on melanoma B16F10 cancer cell lines with Pt NPs is not yet studied. This report is the first attempt to describe the advantages of the combination of photon irradiation with PEGylated Pt NPs on enhancing melanoma cell killing using clonogenic assay technique. ICP-MS is used to confirm the uptake of the NPs by B16F10 melanoma cells.

Another important reason to use this cell line is for the purpose of developing a cancer model for investigating the in vivo biodistribution and pharmacokinetic of these Pt NPs using CT/PET imaging techniques.

Methods

Materials and cell culture

Pt PEGOH and Pt PEGdiamine were synthesized by our group. B16F10 cells were cultured in DMEM media (Life Technologies, France) supplemented with 10% FBS (Life Technologies, France) and 1% penicillin/streptomycin (100 mg/mL), and 1% L-Glutamine, and maintained at 37°C with 5% CO2 until confluence.

Plating efficiency and cytotoxicity

B16F10 cells were seeded at a density of 2x10 5 cells/T25flask and allowed to grow for 12 h. The cells were incubated 6 h with PtPEGOH or PtPEGdiamine at Pt concentration of 5×10 -4 , 1×10 -3 , 2×10 -3 mol.L -1 . Afterwards, the cells were washed, trypsinized, and counted. The cells were then plated in 10-cm petri dishes (Falcon 3002) and allowed to grow for six divisions (7 days) before staining with a 0.5% methylene blue and 50% methanol. Plating efficiencies (PE) = number of colony formed after 7 days / number of cells seeded. The experiments were performed in triplicate.

Cell uptake of Pt NPs

The concentration of Pt in cells was analyzed by ICP-MS. B16F10 cancer cells were seeded in 75-cm 2 flask to reach 6x10 5 cells per flask. After being cultured overnight, the medium was replaced with fresh DMEM containing Pt NPs (PtPEGOH or PtPEGdiamine) at Pt concentration of 5×10 -4 mol•L -1 . After 6 h incubation, the medium was removed and the cells were washed twice by PBS followed by trypsinization and collection by centrifugation. The cell pellets were re-suspended in 1 mL fresh medium and frozen at -80°C overnight for ICP-MS analysis to calculate the average Pt uptake by each cell. Analysis was performed by the UT2A company (Pau, France).

Effect of Pt NPs on SF of B16F10 cells upon irradiation

Cells were seeded at a density of 2x10 5 cells/25-cm 2 flask and allowed to grow for 12 h. The cells were incubated with PtPEGOH or with PtPEGdiamine at an equivalent Pt concentration of 5×10 -4 mol•L -1 . After 6 h incubation, the medium containing NPs were replaced with fresh medium and cells were irradiated at doses of 1, 2, 3, 4, 5, 6 Gy with Cs-137 γ-ray (0.66 MeV). B16F10 cells exposed with the same doses of Pt NPs were used as control. Afterwards, the cells were washed, trypsinized, and counted. The cells were then plated in 10-cm petri dishes (Falcon 3002) at different densities to achieve 100 colonies per dish and allowed to grow for 7 days before staining with 5 % methylene blue in methanol solution. The dishes were allowed to dry overnight before being counted for colonies.

Clonogenic survival was fitted according to a linear quadratic model of the form SF = e -(αD+βD 2 ) , where SF is the surviving fraction, D is the irradiation dose, ɑ and β represent the probabilities of lethal and sub-lethal damage, respectively. The data were normalized to the PE of the control condition (0 Gy), i.e. PE = number of colony formed after six divisions / number of cells seeded. The experiments were performed in triplicate.

Results and Discussions

Plating efficiencies and Cytotoxicity

The cytotoxicity of PtPEGOH and PtPEGdiamine NPs in B16F10 cells are shown in Fig. IV-1A, B.

The PE of the control and cells incubated 6 h with PtPEGOH NPs at a Pt concentration of 5×10 -4 mol.L -1 , were similar (~40%). This indicates that there is no cytoxicity associated to the PtPEGOH NPs at this concentration. The cytotoxicity increased for PtPEGOH NPs with PE ~26% and ~14%, at

Pt concentration of 10 -3 mol•L -1 and 2×10 -3 mol•L -1 , respectively. No significant cytotoxicity was observed in Fig. IV-1B, for PtPEGdiamine NPs up to 1×10 -3 mol•L -1 . However, a slight increase in cytotoxicity was shown at 2×10 -3 mol.L -1 with PE ~29%. 

Cell uptake of Pt NPs

The intracellular level of Pt was analyzed by inductively coupled plasma mass spectrometry (ICP-MS) after 6 h incubation with Pt NPs. PtPEGOH showed clearly higher cellular accumulation with ~0.19 pg Pt per cell than PtPEGdiamine with ~0.10 pg Pt per cell. The α and β components calculated by fitting a linear quadratic curve for this cell line are presented 112 in Table IV-1. Both PtPEGOH and PtPEGdiamine NPs induced a large increase of the linear parameter α, indicating the presence of Pt NPs strongly increased the directly lethal damage. The β value was not significantly changed, indicating an intact repair of sub lethal damages. 6 Similar results

Effect of Pt NPs on SF of B16F10 cells upon irradiation

were obtained and reported with other cell lines using these Pt NPs 7 by our group.

The efficiency of PtPEGOH and PtPEGdiamine to amplify radiation-induced B16F10 cell death was evaluated by the radiation sensitizing enhancement ratio (SER) and the dose enhancing factor (DEF).

The SER were 29% and 24% for PtPEGOH and PtPEGdiamine, respectively, which characterizes the Pt NPs efficiency when γ-rays are used as ionizing radiation (See Table IV-1). It means to reach the same level of cell death, the radiation doses required in the presence of PtPEGOH and PtPEGdiamine were reduced 29% and 24%, respectively.

We calculated the DEF to be 1.17 for PtPEGOH and 1.12 for PtPEGdiamine, confirming that both two types of Pt NPs showed significant cell-killing effects and these effects are more pronounced by combining γ-rays with PtPEGOH NPs. 

Conclusions

In summary, we have demonstrated the efficacy of Pt NPs to amplify radiation effects in melanoma cells. The combination of Pt NPs and irradiation created significant dose enhancement in melanoma cancer cells, and improved the cell killing efficiency. This study demonstrated the safety and efficacy of Pt NPs as potential radio-enhancers.

CT-guided biodistribution and pharmacokinetic study of PtPEGOH NPs

CT is a commonly used technique for diagnosing diseases in clinic. The images reflect the distribution of the attenuation coefficient of different tissues for X-ray across along human body. The signal is proportional to the tissue density and usually measured in Hounsfield unit (HU) ranging from ~ 3000 for bones (the most dense tissue) to ~ 1000 for air. Images can be enhanced by injecting high-density contrast agents, mostly iodine-contained small molecules. These agents have many shortcomings, such as short blood circulating time, nonspecific distribution, fast clearance and potential toxic and side effects in some cases. 8,9 Over the recent decades, the use of NP contrast agents has been explored

to overcome this limitation. In particular, NPs may prolong the blood circulating time that may provide imaging over a wide range time window and exhibit better perfusion imaging. 10,11 Herein, the properties of PtPEGOH NPs for CT imaging were explored. The biodistribution and pharmacokinetic of these NPs have been investigated in vivo by intravenous injection to tumorbearing mice and subsequent CT-imaging at different time point.

Methods

Materials

Pt PEGOH NPs were produced by our group (as shown in Chapter II section 1). XENETIX 300 (Iobitridol, 300 mg/mL in Iodine, Guerbet)

Cell culture: B16F10 mouse melanoma cells were cultured as described in the previous section.

Tumor model: all experiments were performed under an animal use and care protocol approved by the Animal Ethics Committee, and they were conducted in accordance with the European Union regulations on animal research. Cells were trypsinized and washed two times with cold Dulbecco's PBS containing no calcium and magnesium before being suspended in DMEM at 10 7 cells/mL. This suspension was stored in ice before being inoculated. 100 µl of suspension was injected subcutaneously on the two flanks of each C57BL/6J mouse (Janvier-Labs, France).

X-ray attenuation measurement

Lyophilized powder of PtPEGOH NPs was dispersed in water at 12.5 mg/mL and diluted to 10, 7.5, 5, 2.5, 1 mg/mL. A solution of iobitridol at the molar concentrations equivalent to PtPEGOH NPs/[Pt] was prepared. 500 µL of each sample was pipetted in the 96 well V-bottom microplate. Water was used as blank.

CT scanning was carried out utilizing a micro PET-CT imaging system (Inveon, Siemens, USA) with the experimental conditions set as: operative area: 7 cm×6 cm; tube voltage: 50 kV; tube current: 500 mA; exposure time: 1 s; current: 500 µA; tension: 80kV). Finally, the CT contrasting intensity was exhibited in Hounsfield units (HU).

CT imaging in vivo

For CT imaging in vivo, tumor bearing C57BL/6J mice (n=5; ca. 20g/mouse) were anaesthetized with isoflurane (induction: 3 %, maintenance: 1.5 -2.0 %) in a mixture of 100% O2. Before the test, plain scanning was carried out to serve as a control. Next, 200 μL PtPEGOH NPs dispersed in PBS with a Pt concentration of 10 mg/mL were intravenously injected into a mouse through the tail vein.

Subsequently, CT scanning was performed at 4, 24, 48 and 72 h after injection by a micro PET/CT imaging system under the same conditions as mentioned for the in vitro CT imaging.

Results and Discussions

X-ray attenuation measurement

The 

CT imaging in vivo

The tumor uptake and the biodistribution of PtPEGOH NPs were investigated at different time points post intravenous administration, namely 4, 24, 48 and 72 h. The quantity of PtPEGOH was calibrated taking into consideration the recent publication on Pt NPs for non-invasive imaging 12 

Conclusion

These studies demonstrate that PtPEGOH NPs are efficient contrast agents for CT imaging. It allows real-time monitoring of their biodistribution and pharmacokinetic. The biodistribution and pharmacokinetic results demonstrate the longer blood circulation and hepatic clearance of the particles. Particularly, the accumulation of the particles in the tumor was significant even after 72 h.

PET-guided biodistribution and pharmacokinetic study of

PtPEG-DFO[89Zr]

PET is a noninvasive technique that is well adapted to quantify the pharmacokinetic profile of the NPs in real time. 13 For this method, the NPs must be radiolabeled. Due to the long circulation property of PEGylated NPs, it is essential to select longer half-life radioisotopes such as [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr (t1/2=3.3d) to gain the full picture of their pharmacokinetics with PET. 14 Although direct labeling approaches without a chelator have been described for introducing [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr into NPs 15 , reasonable labeling approaches with [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr have to be carried out using an appropriate chelator system (i.e. desferrioxamine (DFO)) in order to prevent the release of the radionuclide from the targeting vector. 16 Free [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr can bind to plasma proteins and accumulates in mineral bone over time where they might deposit significant radiation dose. 16 More importantly, unstable complex of [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr and NPs may hinder a correct estimation of NPs distribution in animals.

In this study, a methodology to efficiently introduce DFO into amine-terminated Pt NPs was described and subsequently reacted with [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr to give the radiolabeled Pt NPs. The successfully radiolabeled PtPEG-DFO[89Zr] NPs was further used for in vivo biodistribution and pharmacokinetc study visualized by PET imaging.

Methods

Materials

Platinum nanoparticles (PtPEGdiamine NPs) was produced by our group (as shown in Chapter II-Section 2). [ 89 Zr] Zr-oxalate purchased from PerkinElmer, the Netherlands, p-NCS-Bz-DFO purchased from Chematech, France. B16F10 mouse melanoma cells were cultured and used for tumor For the first test, 100 µl of [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr-labeled PtPEG-DFO solution was diluted in 100 µl of fetal bovine serum. For the second test, 100 µl of [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr-labeled PtPEG-DFO solution was diluted in 5 µl of FeCl3 solution 10 mM and 95 µl of HEPES 1 M, pH 7 to have a mixture with 2.5 µM DFO and 250 µM Fe 3+ (ratio DFO : Fe 3+ = 1 : 100). For the las test, dilute 100 µl of [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr-labeled PtPEG-DFO solution in 20 µl of EDTA 2.5 mM (adjusted to pH 7 by NaOH solutions) and 75 µl of HEPES 1M, pH 7 to have a mixture with 2.5 µM DFO and 250 µM EDTA (ratio DFO : EDTA = 1 : 100). Those samples were heated at 37 o C and the stability was monitored by TLC.

PET imaging in vivo

At day 10 post-inoculation, 71.0 ± 4.2 µCi (mean ± SD) of PtPEG-DFO[89Zr] in 260 -300 µl (specific activity 264.6 ± 6.5 µCi/mL) was injected intravenously to two tumor-bearing mice (24.0 ± 2.8 g).

Imaging were performed on either an Inveon PET/CT or Inveon PET (Siemens, USA). Animals were anaesthetized with isoflurane (induction: 3 %, maintenance: 1.5 -2.0 %) in a mixture of 100% O2.

Dynamic PET data were acquired during 60 min (24 frames) right after injection. After that, static PET data were acquired during 20 min at 24 h and 120 h after injection. Sinograms generated from these emission scans were normalized and corrected for scatter, attenuation and radioactivity decay.

For attenuation correction, a CT or a transmission scan using an external 68-germanium point source was performed. Fourier rebinning (FORE) and an iterative 2D ordered subset expectation maximization (OSEM) algorithm (16 subsets, 4 iterations) was applied for image reconstruction. Data visualization, contouring, and analysis were performed using Carimas (Turku PET Centre, Finland).

Volumes of interests (VOIs) were drawn manually on the organs and tissues of interest. All data are expressed as the mean ± SD.

There are two commonly used quantitative methods used in preclinical PET. The first method is the ratio of the activity measured in a tissue (µCi/cc) divided by the decay-corrected activity injected into the animal (µCi). This ratio is defined as the percentage of injected dose per cubic centimetre in tissue (%ID/cc). Commonly speaking, a density of 1g/cc in tissue is assumed and therefore the uptake is often defined as %ID/g. Another method which also takes into account the weight of the animal is the standardized uptake value (SUV) calculated as the %ID/cc multiplied by the weight (given in g).

The resultant number is almost unitless (actually g/cc or g/mL).

Results and Discussions

Synthesis of PtPEG-DFO[89Zr]

The methodology to efficiently introduce DFO into biomolecules was described previously and is based on a p-isothiocyanatobenzyl-derivative of DFO that can be directly conjugated at mildly basic pH within a relatively short reaction time of only 1 h and subsequently reacted with 89Zr to give the radiolabeled biomolecule. 17 The synthesis of PtPEG-DFO[89Zr] are illustrated in Fig. IV-5. DFO was covalently ligated to the primary amines contained within PtPEGdiamine forming PtPEG-DFO, and the resulting functional group was a thiourea.

The complexation of [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr 4+ by PtPEG-DFO particles completed after 1 h of incubation at 37°C. Based on the result of TLC, there was still molecular [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr whether in the form of free [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr or DFO[89Zr]. In contrast to [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr-labeled PtPEG-DFO, which can be cleared via the circulation system in vivo, [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr liberated from the system is first bound on plasma proteins and later embedded into mineral bone. 15 The accumulation of radiometal ions can result in bone marrow ablation. Thus, the product was purified by passing through PD-10 columns. The peaks remaining at the deposited spot accounted for 90 % of total AUC. This solution will be used for injection in animals. 

Stability tests of PtPEG-DFO[89Zr]

The stability of [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr-labeled PtPEG-DFO was evaluated in FBS due to the released [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr can bind to serum proteins. In addition, the stability of the particle was also evaluated in the excess of Fe 3+ or EDTA to induce transmetallation and transchelation. These conditions are more drastic compared to normal physiological condition. However, more than 80 % of [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr still stayed on the particles in both cases, after 48 hours of incubation, demonstrating a good binding affinity of [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr to PtPEG-DFO.

PET-imaging in vivo

To evaluate the targeting potential and understand the biodistribution and pharmacokinetics of the NPs, the radiolabeled Pt NPs were intravenously injected into mice bearing B16F10 melanoma tumor.

Since PtPEG-DFO[89Zr] NPs contains both Pt and positron emitter [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr, these NPs appear well suited for simultaneous CT/PET imaging. Such a combination is very attractive because it allies the high resolution of CT with the high sensitivity of PET to obtain at the same time accurate anatomical and quantitative information. The main advantage of the simultaneous CT/PET imaging lies in the fact that the biodistribution and pharmacokinetic of PtPEG-DFO[89Zr] is monitored by both techniques after a single intravenous injection on the same animal. This strategy leads to higher reliability by excluding the problem of different introduced doses, variability in manipulation as well as differences in anatomy, physiology, and position of animals. 18 In this way, this also facilitates the merging of the images since the superimposition of the images does not require complex colocalization method. 9±2.5% ID/cc) and gradually decline back to lower value (0.5±0.2% ID/cc). The hepatic uptake of PtPEG-DFO[89Zr] was 12.8±3.0, 7.9±2.3%, and 6.2±3.8 % ID/cc at 1, 24, and 120 h, respectively. Especially, at 24 h, the signal from the liver was much higher than those in other tissues.

The tumor uptake of PtPEG-DFO[89Zr] were significant at 1 h (1.8±0.9% ID/cc), and showed the highest accumulation (4.0±1.2% ID/cc) at 24 h (tumor to muscle ratio increased from ~2 at 1 h to values higher than 8 at 24 h). Moreover, significant radioactive signals (2.1±0.9% ID/cc) remained in the tumors even at 120 h post-injection. These results demonstrated that PtPEG-DFO[89Zr] NPs showed significant uptake and long retention in the tumor tissues.

It was reported that NPs (i.e. AGuIX) display sub-5 nm hydrodynamic diameters, enables renal elimination. 19 AGuIX NPs were labelled with [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr to study pharmacokinetics. 17 Radiolabeled AGuIX NPs displayed a rapid renal elimination resulting in extremely low background activity in all the tissues other than kidneys was observed. Moreover, after radiolabeling with [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr, tumorassociated radioactivity was evaluated after 24 and 72 h, and compared with molecular 89Zr-DFO.

At 24 hours p.i., the molecular agent displayed a signal in the tumor four times weaker than labelled AGuIX NPs (0.5 and 2.0% ID/g respectively). Moreover, the AGuIX@ 89 Zr tumor to muscle ratio increased from 4 (24 h p.i.) to values higher than 10 after 72 h, thus validating the long-term retention 121 of the NPs in the tumors. (B) Ratio of activity in tumoral versus muscular tissues.

Conclusions

We have described a simple and effective approach to radiolabel PtPEGdiamine NPs and the complexation stability of labeled particles was verified in vitro. CT/PET images and biodistribution results demonstrate the hepatic clearance of the particles. Particularly, the accumulation of the particles in the tumor was significant even after 5 days. PtPEG-DFO[89Zr] show promising properties as a dual-modality imaging agent thus opening the perpective of using these NPs for image-guided radiation therapy.

injection. Thus, it was demonstrated that:

(3) AGuIX, a nanoagent provided by F. Lux and O. Tillement, currently tested in clinic, and Pt PtPEGOH NPs developed in this work, do not bind to blood serum protein (HSA). In particular it was shown that no complex is formed between the nanoagents and the proteins, even at the highest concentration. Interestingly, an increase of the HSA melting temperature in the presence of high concentrations of nanoagents underpined a slight modification of the protein stability due to a mechanism of preferential hydration of the protein. This presents no risk and intravenous injection can be considered for the two agents.

Ultimately, for the sake of economical and ethical issues, this method could be proposed as a test prior to in vivo experiments.

The first measurements of the PtNPs biodistribution in vivo were initiated at the end of my PhD (stopped due to the starting COVID crisis). The main findings are the following:

(4) PtPEGOH NPs were proven to be efficient X-ray contrast agents that allow real-time monitor their biodistribution and pharmacokinetic by CT. The CT images showed in particular that the accumulation of the particles in the tumor is significant even after 72 h and that they are cleared by hepatic clearance. Secondly, a simple and effective approach to introduce DFO into amineterminated PtPEGdiamine NPs followed by functionalization with [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr was successfully applied.

First in vivo distribution of PtNPs was peformed by CT/PET imaging. The results confirmed and accumulation of the particles in the tumors even after 5 days and a hepatic clearance.

Finally, this multiple functionalization of the NPs and their property as efficient radio-enhancers make them promising candidates to open the perspectives of CT/PET image-guided radiation therapy of cancer.

In short, the success of the production strategy together with the effectiveness and great potentialities of PtNPs will hopefully contribute to boost the strategy of combining nanomedicine and radiation therapies. Ces deux réalisations devraient contribuer à renforcer la stratégie combinant nanomédecine et radiothérapies. treatments. However, its implementation is limited by the tolerance of healthy tissues. New strategies combining nanomedicine and cancer radiation therapy have been proposed a decade ago to improve the performances of the treatments. Hence, a growing interest appeared for high-Z metal-based nanoparticles (NPs) as potential radio-enhancers, to amplify the effects of radiations. In the first part of my work, an efficient and unique radiolysis method was optimized to produce in one step, small, PEGOH-coated platinum NPs dispersed in a sterile solution, with 100% production rate. These NPs are good radio-enhancers, they amplify the radiation effects of γrays and particularly particle beams. However, further surface functionalization of these NPs coated with PEGOH is challenging. In a second step, the same radiolysis method was used to produce other platinum-based NPs coated with PEG diamine. This coating allows grafting of various molecules such as fluorescent markers, drugs or radionuclides. These particles aggregate with a shape of nanoflowers. They can be lyophilized, which ensures long and easy storage, and facile reconstitute with different biological buffers. After physico-chemical characterization, their efficiency as radio-enhancers has been evaluated in vitro. Molecular scale experiments using plasmids as molecular bioprobes showed that these NPs amplify the induction of complex biodamage. We ascribed the amplification of the damage to the activating radiation induced physico-chemical processes. Moreover, blood compatibility of NPs when administered intravenously, is also crucial for their use in nanomedicine. The interaction of NPs with proteins especially, can cause potential harmful effects. Hence, the characterization of the impact of NPs on blood proteins, is a first step in the prevention of adverse effects. The second part of my work was dedicated to the development of a new multiparametric method to characterize the structural and stability changes of human serum albumin upon interaction with nanoagents.

Université

It was found that gadolinium-based NPs (AGuIX) and platinum-based NPs do not bind to proteins. Interestingly, they stabilize the protein structure due to preferential hydration mechanism. Finally, the use of NPs as multimodal contrasts agents to probe in vivo biodistribution and pharmacokinetic, was explored in the third part of my thesis. Platinum NPs were found to be not only efficient radio-enhancers but, thanks to their high x-ray attenuation coefficient, also potential contrast agent for computed tomography (CT) imaging. More interestingly, the amineterminated NPs developed in my work were successfully functionalized with radionuclides. This opened an opportunity to observe them by positron emission tomography (PET) imaging, The preliminary biodistribution experiments performed with CT and PET techniques showed hepatic clearance and accumulation of the NPs in the tumor after several days. In conclusion, the major outputs of my work include the optimization of a rapid and efficient method to easily and rapidly produce sterile solutions of multimodal platinum-based radio-enhancers which can be detected by CT, PET and fluorescence imaging. Moreover, it includes the development of a new way to evaluate the impact of NPs on blood proteins prior to in vivo tests. These two achievements will hopefully contribute to boost the strategy of combining nanomedicine and radiation therapies. 

Fig. 1

 1 Fig. 1 Illustration of (a) highly penetrating X-ray radiation propagation leading to damage in healthy tissues, (b) ballistic effects of ions with negligible radiation effects after the tumor but still significant effects at the entrance of the track, and (c) improvement of ion radiation effects in the tumor in the presence of NPs, which opens the possibility to reduce the dose to the patient and the dose deposition in the tissues located prior to reaching the tumor. (Lacombe et al. 2017, Cancer Nanotechnology 6 )

Fig. 3

 3 Fig. 3 Development of Pt NPs-based multimodal radioenhancers: smart synthesis, radio-enhancement efficiency (in vitro), impact of NPs on proteins, NP imaging and biodistribution in vivo.

Fig. I- 1 1 . 2 .

 112 Fig. I-1 Schematic illustration of inelastic interactions with a high-Z NP for: (a) incident keV photons (orange clouds represent photoelectric events); (b) incident MeV photons (Adapted from Kuncic, et al., 2018, Physics in Medicine & Biology 25 )

  NPs are then transferred from diethylene glycol to water leading to the core dissolution and the complexation of the Gd 3+ ions by DOTAGA (Fig.I-2A). The resulting polysiloxane hollow cores collapses and fragmentes into small and rigid platforms of polysiloxane. As a result, ultrasmall NPs are obtained, displaying hydrodynamic diameter of 2.1 ± 1 nm with a polysiloxane core surrounded by about ten Gd chelates.

Fig. I- 2

 2 Fig. I-2 Schematic illustration of (A) (left) the NP synthesis: firstly, Gd2O3-SiO2 core-shell NP in diethylene glycol (DEG), (center) dissolution in water of the core and chelation of resulting free Gd3+ by DOTA ligands grafted on the surface of the particle, and (right) collapse and fragmentation of the shell into small and rigid

Fig. I- 3

 3 Fig. I-3 Scheme of metal ion reduction in solution by radiolysis in the presence of a stabilizer. The isolated atom M0 coalesce into clusters. They are stabilized by ligands, polymers, or supports.[START_REF] Abedini | A review on radiationinduced nucleation and growth of colloidal metallic nanoparticles[END_REF] 

Fig. I- 4

 4 Fig. I-4 Scheme of possible interaction of NPs with protein in the body following intravenous injection, (adapted from Walkey C D, et al. 2012, Chemical Society Reviews.[START_REF] Walkey | Understanding and controlling the interaction of nanomaterials with proteins in a physiological environment[END_REF] ).

Fig. I- 5

 5 Fig. I-5 Representation of different levels of protein structure. (From :Nelson, D.L. and Cox, M.M., lehninger principles of biochemistry 2005, New York: W.H. Freeman)

Fig. I- 6

 6 Fig. I-6 Human serum albumin structure (From Peng W. et al, 2014, Food & function). 65 Domains and subdomains are shown in different colors.

Fig. I- 7

 7 Fig. I-7 Illustration of multi-functionalized metal-based NPs to monitor their biodistribution and pharmacokinetics in vivo.

(

  poly(ethylene glycol)diamine)Pt NPs. A full physico-chemical characterization of the NPs and an evaluation of their efficiency as radio-enhancers are presented. A major advantage of these nanoagents (compared to the ones presented in section 1) is their unique surface chemistry, which allows functionalization with various molecules such as fluorescent markers, drugs or radionuclides. The results and discussion are presented in the paper "A facile one-pot synthesis of versatile PEGylated platinum nanoflowers and their application in radiation therapy" already published in International Journal of Molecular Sciences and presented in the section 2.Section 1: PEGylated (poly(ethylene glycol)) PtPEGOH NPs paper "Green one-step synthesis of medical nanoagents for advanced radiation therapy" submitted to Nanotechnology, Science and Applications by Salado D. et al

Section 1 :

 1 Impact of AGuIX on HSA Paper "Human Serum Albumin in the presence of AGuIX nanoagents: structure stabilisation without direct interaction" submitted to International Journal of Molecular Sciences by Yang X. et al.transformed using the instrument's software to obtain a plot of enthalpy change per mole of injectant (∆H 0 , kcal•mol -1 ) against molar ratio. Control experiments included the titration of Pt NPs solution into buffer, buffer into HSA, and buffer into buffer, with the same sample concentration used.

  the present work, DLS was used to measure the hydrodynamic diameter of different concentration of Pt NPs in the absence and presence of HSA at pH 7.4 in 10 mmol/L phosphate buffer. As shown in Fig. III-1, no significant change in the NPs size distribution after exposure to HSA for 40 minutes. It demonstrated there was no complex formation, which probably due to high grafting density of hydrophilic PEGOH on Pt NPs have a high capacity to prevent the adsorption of protein 1, 2 .

Fig. III- 1

 1 Fig. III-1 Hydrodynamic diameter of Pt NPs and Pt NPs at different Pt NPs-HSA ratios (from 1:30 to 1:1) at pH 7.4, 37°C.

  The data is processed by measuring the raw data in Fig. III-2a. Fig. III-2b shows the plot of the enthalpy change (∆H 0 ) against Pt NPs-HSA ratios. The heat due to the dilution (control) is measured and subtracted 103

Fig. III- 3

 3 Fig. III-3 shows the SRCD spectra of pure HSA and HSA in the presence of Pt NPs at ratios of 1:30, 1:15, 1:7.5, and 1:1. With the addition of Pt NPs to the HSA, the SRCD spectra of the Pt NPs-HSA mixture remained unchanged. This clearly indicates that Pt NPs does not induce a significant conformation change of the protein at 37°C.

Fig. III- 3 Fig. III- 5

 35 Fig. III-3 SRCD spectra of HSA alone and Pt NPs-HSA at NPs:HSA ratios of 1:30, 1:15 and 1:7.5 and 1:1, respectively at pH=7.4, 37°C.

Fig. III- 6

 6 Fig. III-6 Contribution of the protein conformations: alpha-helix (a), beta sheet (b), turns (c), and random coil (d), in the structure of HSA at different temperatures (from 26°C to 95°C), in the case of pure HSA and Pt NPs-HSA complex at different ratios (1:30, 1:15, 1:7.5, 1:1).

Fig. IV

  Fig. IV-1A, B. Clonogenic assay. B16F10 cells were incubated with PtPEGOH and PtPEGdiamine NPs and irradiated with 0 Gy. Cells were then plated and colonies counted. Data shows the average ± standard deviation of three identical experiments made in triplicate. Asterisks denote significant differences with control cells from ANOVA: *** p < 0.001; **p≤0.01.

Fig. IV- 2

 2 Fig. IV-2 shows that the survival of B16F10 cells decreases with increasing irradiation doses for all samples with and without Pt NPs. In particular, the presence of Pt NPs led to significantly reduced clonogenic survival for B16F10 cells compared to those treated with radiation alone.

Fig. IV- 2

 2 Fig. IV-2 Surviving fraction of melanoma cells irradiated by γ rays, in the presence of PtPEGOH (red), PtPEGdiamine (blue), and in the control (black).

  CT images of PtPEGOH NPs and Iobitridol measured in vitro, are presented in Fig. IV-3A. The results of CT value expressed by Hounsfield units (HU) are shown in Fig. IV-3B. It shows that the contrast properties of Pt PEGOH NPs are comparable to the properties of Iobitridol. This major finding indicates that Pt NPs can be used as a contrast agent for CT imaging, laying the foundation for the next step in vivo imaging.

Fig. IV- 3 (

 3 Fig. IV-3 (A) CT images of PtPEGOH NPs and Iobitridol samples at various concentrations in mg/mL. (B)Corresponding CT attenuation Hounsfield unit (HU) of PtPEGOH and iobitridol against the concentration of the active element (Pt or iodine).

  and the maximum tolerance of the mice. The CT images recorded after 4, 24, 48 and 72 h are presented in Fig. IV-4A. The 2D coronal, sagittal and transaxial images exhibited a steady increase in the tumor. The CT values of the heart, liver, kidney, bladder and tumor obtained at different time points are reported in Fig. IV-4B. The contrast of heart reached a peak (43±4 HU) 4 h post injection and reached back the normal level (26±6 HU) at 72 h. The tumor uptake of PtPEG-OH NPs was significant at 4 h (17±9 HU), and showed the highest accumulation (25±6 HU) at 24 h. Interestingly, significant accumulation (20±9 HU) remained in the tumors even at 72 h post-injection. These results indicated reasonably long blood circulation of these NPs which then allow particles to be passively targeted and accumulated in tumor tissues. The values of the liver increased from 30±6 HU (pre-injection) to 56±10 HU at 48 h, and began to decline until 48±15HU at 72 h. It indicated possible hepatic clearance of PtPEG-OH NPs. We next analyzed the elimination mechanism of the PtPEG-OH NPs. It has been shown that the CT value of the kidney reaches a high value at 4 h (30±8 HU, P<0.05). Furthermore, the bladder becomes brighter than before (p<0.01), as can be seen from 2D coronal and sagittal images after 4 and 48 h injection of the PtPEG-OH NPs, with the CT value changing from 84±13 HU to 119±35 and 95±27 HU, respectively. This suggests that PtPEG-OH NPs can be eliminated through the kidney and bladder.

Fig. IV- 4 (

 4 Fig. IV-4 (A) CT images of a mouse in coronal, sagittal and transaxial views highlighted by the kidnely (blue

3. 1 . 4

 14 In vitro stability tests of PtPEG-DFO[89Zr]

Fig. IV- 5

 5 Fig. IV-5 PtPEGdiamine conjugation. PtPEGdiamine was conjugated to p-isothiocyanatobenzyldesferrioxamine (DFO-Bz-NCS metal chelate) via amine terminated group. After purification, thePtPEGdiamine conjugate was radiolabeled with 89Zr under neutral pH conditions.

The

  in vivo biodistribution of radiolabeled PtPEG-DFO[89Zr] NPs was visualized by PET imaging as shown in Fig. IV-6. The corresponding activity uptake at different tissues were quantitatively analyzed in Fig. IV-7A, B. The uptake of PtPEG-DFO[89Zr] in the heart was prominent at early time point (18.

Fig. IV- 6

 6 Fig. IV-6 Maximum intensity projection (MIP) of PET signal (rainbow color scale) superimposed on CT signal (gray scale) from tumor-bearing mouse 1h, 24h and 120h after being injected with PtPEG-DFO[89Zr].

  Paris-SaclayEspace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : Développement de nanoplateformes multimodales pour améliorer les performances de la radiothérapie et évaluation de l'impact des nanoparticules sur les protéines Mots clés : Nanoparticules, chimie sous rayonnement, radiothérapie, protéines, pharmacocinétique Résumé : La radiothérapie est utilisée pour 50% des traitements contre le cancer. Cependant, sa mise en oeuvre est limitée par la tolérance des tissus sains. De nouvelles stratégies associant nanomédecine et radiothérapie anticancéreuse ont été proposées il y a une dizaine d'années pour améliorer les performances des traitements. Un intérêt croissant est apparu pour les nanoparticules (NP) de Z élevé faites de métal en tant que radioamplificateurs potentiels, pour augmenter les effets des radiations. Dans la première partie de mon travail, une méthode de radiolyse efficace et unique a été optimisée pour produire en une seule étape, de petites NPs de platine PEGylées dispersées dans une solution stérile, avec un rendement de production de 100%. Ces NP amplifient les effets des rayonnements comme les rayons γ et en particulier les faisceaux de particules. Cependant, la fonctionnalisation de surface de ces NP revêtues de PEGOH est difficile. Dans une deuxième étape, la même méthode de radiolyse a été utilisée pour produire d'autres NP à base de platine enrobées de PEG diamine. Ce revêtement permet de greffer diverses molécules telles que des marqueurs fluorescents, des médicaments ou des radionucléides. Ces particules PEGylées s'agrègent pour donner une forme de nanofleur. Elles peuvent être lyophilisées, ce qui garantit un stockage long et facile. Après caractérisation physicochimique, leur efficacité en tant que radio-amplificateur a été évaluée in vitro. Des expériences à l'échelle moléculaire utilisant des plasmides comme biosondes moléculaires ont montré que ces NP amplifient l'induction de biodommages complexes. Nous avons attribué l'amplification de ces dommages aux processus physicochimiques. En outre, la compatibilité sanguine des NP administrés par voie intraveineuse est également cruciale pour leur utilisation en nanomédecine. L'interaction avec les protéines en particulier peut provoquer des effets nocifs potentiels. Par conséquent, la caractérisation de l'impact des NP sur les protéines sanguines est une première étape dans la prévention de la toxicité et des effets indésirables. La deuxième partie de mon travail était consacrée au développement d'une nouvelle méthode multiparamétrique pour caractériser les changements structurels et de stabilité de l'albumine sérique humaine lors de l'interaction avec des nanoagents. Il a ainsi été constaté que les NP à base de gadolinium (AGuIX®) et les NP à base de platine ne se lient pas aux protéines. Fait intéressant, ils stabilisent la structure des protéines en raison d'un mécanisme d'hydratation. Enfin, l'utilisation des NP comme agents de contrastes multimodaux pour sonder la biodistribution in vivo et la pharmacocinétique a été explorée dans la troisième partie de ma thèse. Les NP de platine se sont révélées non seulement des radio-amplificateurs efficaces mais, grâce à leur coefficient d'atténuation des rayons X élevé, également un agent de contraste potentiel pour l'imagerie par tomodensitométrie (TDM). Plus intéressant encore, les NP à terminaison amine développées dans mon travail ont été fonctionnalisées avec succès avec des radionucléides. Cela a ouvert l'opportunité de les observer par imagerie par tomographie par émission de positons (TEP). Les expériences préliminaires de biodistribution ont montré une clairance hépatique et une accumulation des NP dans la tumeur persistant après plusieurs jours. En conclusion, les principaux résultats de mon travail comprennent l'optimisation d'une méthode rapide et efficace pour produire facilement et rapidement des solutions stériles de radio-amplificateurs multimodaux à base de platine qui peuvent également être détecté par TDM, TEP et fluorescence. De plus, il comprend le développement d'une nouvelle façon d'évaluer l'impact des NP sur les protéines sanguines avant les tests in vivo.

  radiorésistantes (par exemple le glioblastome et le chordome). Cependant, en raison du profil physique du faisceau d'ions, une dose faible mais significative déposée devant la tumeur est inévitable. De nouvelles stratégies associant nanomédecine et radiothérapie anticancéreuse ont été proposées il y a une dizaine d'années pour améliorer les performances des traitements. Un intérêt croissant est apparu pour les nanoparticules (NP) de Z élevé faites de métal en tant que radio-amplificateurs potentiels, pour augmenter les effets des radiations. Malgré d'importants efforts de recherche, très peu de nanomédicaments ont progressé sur le marché. Les défis à mettre sur le marché sont principalement dus (i) aux difficultés d'industrialisation de la synthèse et aux processus des Bonnes Pratiques de Fabrication (CGMP), (ii) à la toxicité potentielle, (iii) à une pharmacocinétique non adaptée et à une faible pénétration dans les tumeurs. Par conséquent, il est crucial et nécessaire d'utiliser une approche facile pour produire de nouveaux NRE non toxiques, qui offrent l'avantage d'être facilement fonctionnalisés et stables, ainsi que de présenter une bonne biocompatibilité et une bonne pharmacocinétique. Tout comme la recherche est placée dans de nouveaux NRE, dont les Pt NPs sont l'un des candidats prometteurs. Dans la première partie de mon travail, une méthode de radiolyse efficace et unique a été optimisée pour produire en une seule étape, de petites NPs de platine PEGylées dispersées dans une solution stérile, avec un rendement de production de 100%. Ces NP amplifient les effets des rayonnements comme les rayons γ et en particulier les faisceaux de particules. Cependant, la fonctionnalisation de surface de ces NP revêtues de PEGOH est difficile. Dans une deuxième étape, la même méthode de radiolyse a été utilisée pour produire d'autres NP à base de platine enrobées de PEG diamine. Ce revêtement permet de greffer diverses molécules telles que des marqueurs fluorescents, des médicaments ou des radionucléides. Ces particules PEGylées s'agrègent pour donner une forme de nanofleur. Elles peuvent être lyophilisées, ce qui garantit un stockage long et facile. Après caractérisation physico-chimique, leur efficacité en tant que radio-amplificateur a été évaluée in vitro. Des expériences à l'échelle moléculaire utilisant des plasmides comme biosondes moléculaires ont montré que ces NP amplifient l'induction de biodommages complexes. Nous avons attribué l'amplification de ces dommages aux processus physico-chimiques. En outre, la compatibilité sanguine des NP administrés par voie intraveineuse est également cruciale pour leur utilisation en nanomédecine. L'interaction avec les protéines en particulier peut provoquer des effets nocifs potentiels. Par conséquent, la caractérisation de l'impact des NP sur les protéines sanguines est une première étape dans la prévention de la toxicité et des effets indésirables. La deuxième partie de mon travail était consacrée au développement d'une nouvelle méthode multiparamétrique pour caractériser les changements structurels et de stabilité de l'albumine sérique 130 humaine lors de l'interaction avec des nanoagents. Il a ainsi été constaté que les NP à base de gadolinium (AGuIX®) et les NP à base de platine ne se lient pas aux protéines. Fait intéressant, ils stabilisent la structure des protéines en raison d'un mécanisme d'hydratation. Enfin, l'utilisation des NP comme agents de contrastes multimodaux pour sonder la biodistribution in vivo et la pharmacocinétique a été explorée dans la troisième partie de ma thèse. Les NP de platine se sont révélées non seulement des radio-amplificateurs efficaces mais, grâce à leur coefficient d'atténuation des rayons X élevé, également un agent de contraste potentiel pour l'imagerie par tomodensitométrie (TDM). Plus intéressant encore, les NP à terminaison amine développées dans mon travail ont été fonctionnalisées avec succès avec des radionucléides. Cela a ouvert l'opportunité de les observer par imagerie par tomographie par émission de positons (TEP). Les expériences préliminaires de biodistribution ont montré une clairance hépatique et une accumulation des NP dans la tumeur persistant après plusieurs jours. En conclusion, les principaux résultats de mon travail comprennent l'optimisation d'une méthode rapide et efficace pour produire facilement et rapidement des solutions stériles de radio-amplificateurs multimodaux à base de platine qui peuvent également être détecté par TDM, TEP et fluorescence. De plus, il comprend le développement d'une nouvelle façon d'évaluer l'impact des NP sur les protéines sanguines avant les tests in vivo. Ces deux réalisations devraient contribuer à renforcer la stratégie combinant nanomédecine et radiotherapies.

Table I -1

 I Summary of advantages and drawbacks of chemical and biological methods to produce Pt NPs fornanomedicine(Pedone, D.,et al., 2017 38 ).

	Synthesis	Advantages	Disadvantages
	methods		
	Chemical	✓ Accurate control of NP size	-Environmental hazards
		and shape	-Possible toxicity related to residual reagents and
		✓ High versatility in surface	capping agents
		chemistry	
		✓ High reaction yield	
		✓ Easy functionalization	
	Biological	✓ Green synthesis ✓ Absence of toxic solvents	-Difficult tunability of size and shape -High dilution of the final product -Possible bacteria contamination
			-Time-consuming purification processes

  [START_REF] Schlathölter | Improving proton therapy by metal-containing nanoparticles: nanoscale insights[END_REF] 

Table I - 2

 I2 Review of Pt-based nanoagents for radiotherapy

	NP/type	Coating	Size	Radiation	Cell&tumor models	Function	Refs
				/energy			
	PtTC	Non	Non	X-rays	DNA plasmid	Improve SSBs and	Kobayashi et
						DSBs yields	al. 45
	PtTC	Non	Non	fast ions	DNA plasmid	Improve SSBs and	Usami et al. 50
				C 6+		DSBs yields	
	PtTC	Non	Non	fast ions	Chinese Hamster Ovary	Radio-	Usami et al. 46
				C 6+	cells	enhancement	
	Pt NPs	PAA	3 nm	fast ions	DNA plasmid	Improve SSBs and	Porcel et al. 47
				C 6+		DSBs yields	
	Pt NPs	PAA	3 nm	X-Rays	DNA plasmid	Improve SSBs and	Porcel et al. 48
						DSBs yields	
	Pt NPs	PAA	3 nm	γ-rays,	DNA plasmid	Improve SSBs and	Porcel et al. 49
				fast ions		DSBs yields	
	Pt NPs	PAA	3 nm	γ-rays	Deinococcus radiodurans Radio-	Li et al. 51
						enhancement	
	Pt NPs	PAA	3 nm	fast	DNA plasmid	Improve SSBs and	Schlathölter T,
				protons		DSBs yields	et al. 33
	Liposomal	Liposom	~100	γ-rays	F98 glioma cells	Radio-	Charest et al. 52
	Pt	al	nm			enhancement	
	compound						
	Cisplatin	PEG	134 nm X-rays	non-small cell lung	Chemoradiotherapy Della Rocca et
	polymer				cancer		al. 53
	Pt NPs	polymeth	29, 36,	Photon	HeLa cell lines	Radio-	Muhammad
		ylsilsequi	42, 52	beams		enhancement	AfiqK.A. et
		oxane	nm				al. 54
	Pt NPs	PVP	2-4 nm γ-rays	human esophageal	Radio-	Li et al. 55, 56
					squamous cell carcinoma	enhancement	

Table I -

 I 

	Modality	Advantages	Disadvantages
	MRI	Unlimited tissue depth penetration	Expensive
		Non-ionizing radiation	Long acquisition time and limited
		High spatial resolution and excellent soft tissue contrast	sensitivity
		Whole body imaging possible	
	CT	Unlimited tissue depth penetration	Radiation exposure
		High spatial resolution	Poor soft tissue contrast
		Can be used for whole body imaging	
		Low acquisition time	
		Anatomical imaging	
	PET	Unlimited tissue depth penetration	Radiation exposure
		Can be used for whole body imaging	Low spatial resolution and long
		Detailed anatomical information can be obtained when	acquisition time
		combined with CT or MRI	Expensive
	US	High spatial resolution	Cannot be used for whole body imaging
		Real time imaging with low acquisition time	
		Highly sensitive and inexpensive	
	OI	High spatial resolution	Cannot be used for whole body imaging
		Real time imaging with low acquisition time	Limited tissue depth penetration
		Highly sensitive and inexpensive	

3 

Advantages and disadvantages of non-invasive imaging techniques.

[START_REF] Sivasubramanian | Nanoparticle-facilitated functional and molecular imaging for the early detection of cancer[END_REF] 

  Wang et al. reported the synthesis of Au nanocages of two different sizes (55 nm and 30 nm in edge length) combined with 64 Cu radiolabeling. 104 Their preliminary studies demonstrated the utility of radiolabeled Au NPs for

	PET imaging.
	The development of multimodal imaging systems has led to a significant growth of dual-mode
	molecular imaging probes used for a range of different applications, including tumor imaging. Recent
	literature shows how MRI can be used to perform image-guided radiation therapy with AGuIX NPs

(introduced in section 1.2.1). Furthermore, Bouziotis et al.

105 

reported the NODAGA-functionalized

Table IV -

 IV 

	Sample	α (Gy -1 )	β (Gy -2 )	R 2	SER DEF
	Control	0.07±0.0	0.059±0.01	0.997 -	-
	PtPEGOH	3 0.27±0.0	2 0.043±0.00	0.998 29	1.17
	PtPEGdiamine	4 0.24±0.0	7 0.042±0.00	% 0.997 24	1.12
		3	7		%

1. Calculated coefficients α and β, R2, SER and DEF for B16F10 cells irradiated by γ source, in

the presence of PtPEGOH, PtPEGdiamine, and in the control.

Section 2: Impact of PtNPs on HSA
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AGuIX NPs, were efficiently labeled with the positron emitter Ga-68. PET imaging in mice showed that the nanoagents passively accumulate in the tumor and excrete primarily via the urinary tract, meanwhile no significant liver or intestinal uptake was observed. This study includes the first investigation of radiolabeled Gd NPs as a dual-modality PET/MR imaging agent.
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Green one-step synthesis of medical nanoagents for advanced radiation therapy

In the first section, presents a simple, fast and eco-freendly method to produce non-toxic metallic nanoagents dispersed in sterile water solution with a remarkable production rate of 100%, ready-to-use in clinic. As a first example, the synthesis of small negatively charged PEGylated Pt NPs is presented. The method consists of a one-step radiolytic protocol combined with in situ PEGylation. As a major characteristic, the PEGylated Pt NPs have the singular property to improve the performance of medical radiations, particularly the effect of hadrontherapy beams as shown by the 44% amplification of cell killing induced by carbon ions. The enhancement of complex biodamage confirms that the amplification of radiation effects is due to a cascade of early stage mechanisms that follow the activation of nanoparticles by radiation. This finding is important to improve the composition of future nanoagents and simulate treatment planning. Radiolysis is currently used in large scale by private stakeholders to decontaminate food or sterilise medical material. Therefore, the production of non-toxic metallic nanoagents using this singular method may be transposable to industrial production in the medium term.

A facile one-pot synthesis of versatile PEGylated platinum nanoflowers and their application in radiation therapy

In the second section, another type of PEGylated (with poly(ethylene glycol) diamine) Pt NFs were prepared in this thesis and their radioenhancing properties were evaluated on a multiscale approach from molecular scale to cellular scale. Firstly, we demonstrated the efficient radiolytic method to produce, at large-scale, biocompatible Pt NFs with homogenous size distribution. These NFs were produced with a controlled aggregation of small Pt subunits through a combination of grafted polymers and radiation-induced polymer cross-linking. Secondly, Pt NFs at a non-toxic consistent experimental conditions (5x10-4 mol•L-1 with 6 h incubation) was chosen in this work. Thirdly, Pt NFs were labeled with fluorescent dye so that their internalization can be tracked in vitro by confocal microscopy and fluorescent lifetime imaging microscopy. These NFs are efficiently uptaken by cells in cytoplasm, and subsequently enhance the radiation effects as demonstrated by clonogenic assays. It was shown that the induction of complex breaks plays a major role in the effect of NFs. Finally, these NFs can be functionalized with various ligands such as drugs, radionuclides or enzymes with the perspective to improve not only the efficiency of radiation treatments but also drug delivery and/or diagnostic performances.

Uptake

Green synthesis of PtPEG NPs

Cell death

Radioinduced cell-killing enhancement γ -rays or C 6+

Platinum nanoparticles stabilize human serum albumin structure without direct interaction

The efficiency of Pt-based NPs, to amplify the radiation effect at molecular level and cellular level has been proved by our group (see Chapter II). As mentioned above, intravenous administration is preferable but once Pt NPs enter systemic circulation, NPs may interact with blood proteins and induce modification of the protein structure. We have shown that Gd-based NPs (AGuIX) may slightly modify the stability of HSA due to preferential hydration mechanism. The same investigation has been performed with the Pt-based NPs in this study.

Methods

Samples

PtPEGOH NPs were produced as described in Chapter II section 1.

The mother solution of HSA was prepared as described in the previous section. Pt NPs-HSA samples of different ratios of Pt NPs/HSA (1:30 to 1:1) were prepared by mixing a solution of HSA (15 μM) with different concentrations of Pt NPs in phosphate buffer at pH 7.0. Samples were incubated at room temperature for 40 minutes before use.

DLS

The hydrodynamic diameter of Pt NPs in the absence and presence of proteins (15 μM) with ratios of Pt NPs/HSA from 1:30 to 1:1, was measured by DLS using a Cordouan VASCO-2 particle size analyzer (Cordouan Technologies, France). Pt NPs were diluted in Mili-Q water to a final concentration of 0.5 mM and measured at 25ºC in a semi-micro polystyrene (PS) cuvette.

ITC

Adsorption isotherms of HSA on Pt NPs were performed by calorimetry using a MicroCal PEAQ-ITC (Malvern). All these solutions were thoroughly degassed prior to the titrations to avoid the formation of bubbles in the calorimeter cell. The reaction cell (280 μL) was loaded with a HSA solution at 1 x 10 -4 mol/L. The syringe (75 μL) was filled with a Pt NPs solution at 2 x 10 -3 mol/L.

The proteins and NPs were prepared in the same phosphate buffer (pH 7.4) to prevent any pH effect.

The experiments were performed in duplicate at 20 °C by adding 2.4 μL of Pt NPs solution to the HSA solution with an equilibration interval of 200 s. Raw data were obtained as a plot of heat (μcal) against injection number and featured a series of peaks for each injection. These raw data peaks were supports the fact that Pt NPs stabilize HSA structure. The modification of the protein stability may be attributed to the preferential hydration of the protein.

Chapter IV Imaging of PtNP. Biodistribution and pharmacokinetic

In the chapter II, it was demonstrated that Pt NPs (PtPEGOH and PtPEGdiamine) are efficient radioenhancers. Thanks to their small size and low impact on blood proteins, PtNPs may be injected inoculation following the methods described above.

Synthesis of PtPEG-DFO[89Zr]

Synthesis of PtPEG-DFO 5 bottles of Pt-PEGdiamine in which each contains 3.9 mg of Pt (or in total 19.5 mg of Pt) were dispersed in ultrapure water at 40 mM in Pt (total volume was 2.5 mL). pH of solution was at 9.0. The product was purified by ultracentrifugation using Vivaspin (MWCO = 5kDa) and HEPES buffer 0.5 M, pH 7.4 as washing solvent until 1800 purification factor (PF). Final pH of the solution was 7.4

and final volume was adjusted to be 1 mL. Purify the product by passing through a PD-10 column. PD-10 column was equilibrated by gentisic acid 5 g/l in 0.25 M sodium acetate buffer at pH 5.5. 1 ml of the mixture was loaded on the column.

Radiolabeling of PtPEG

Then 1.5 ml of gentisic acid solution was pipetted on it. The flowthrough was discarded. Then 2 ml of gentisic acid was added and the eluent was collected. The solution was concentrated to 1 mL by Vivaspin (MWCO = 5kDa). 10 mL of HEPES 0.5 M was added and the mixture was concentrated again to 0.5 mL. The radiolabeling efficiency was monitored by Thin layer chromatography (TLC).

TLC

1 -5 µl of samples from the reaction was taken to deposit on chromatography papers (iTLC-SG glass microfiber chromatography paper impregnated with silica gel, Agilent Technologies). These pieces of paper were migrated using citrate sodium buffer 20 mM pH 5 and detected on a Bioscan flowcount mini-scan at 1.0 mm/s speed equipped with gamma detector B-FC-3600. Labeled NPs will stay at the deposited spot while the free [START_REF] Ashton | In vivo small animal micro-CT using nanoparticle contrast agents[END_REF] Zr, [89Zr]-oxalate will move along with the solvent front. The area under the curve (AUC) at the deposited spot will be compared with the one migrated with the solvent to find out the radiochemical yield of the reaction.

General Conclusions

The aim of my thesis was to produce small, stable, biocompatible and multimodal NPs able to target tumours and improve the effects of medical radiations. In this perspective, the work consisted of: i) the optimization of a simple and efficient process to synthesize the nanoagents, ii) the evaluation of their efficiency to amplify the effects of medical radiations, iii) the characterization of their impact on blood in view of intravenous injection, iv) their functionalization and evaluation as contrast agents for CT and PET medical imaging techniques, as well as their biodistribution and clearance routes.

More precisely, the present work succeeded in the optimization of a simple and fast method based on water radiolysis to produce two types of platinum NPs: PtPEGOH NPs and PtPEGNH2 NPs for which the major outputs are the following.

(1) Small PtPEGOH NPs of 3 nm (core size) were synthesized with 100% production and successfully lyophilized, an important progress compared to the work of D. Salado (previous PhD of our group) since it allows re-suspension of the NPs in various biological buffers. These NPs are stable at room temperature for several months. They amplify the effect of gamma-rays and carbon ion irradiation by DEF of 1.1 and 1.2, respectively.

(2) PtPEGNH2 NPs (with poly(ethylene glycol) diamine) were successfully synthesized. Their radioenhancing efficiency was demonstrated (DEF =1.2 for gamma-rays irradiation). It was demonstrated that the induction of complex breaks is responsible of this effect. These NPs are not toxic in vitro (with 5x10 -4 mol•L -1 and 6 h incubation). An advantage compared to PtPEGOH NPs is that, thanks to the amine group, functionalization with various molecules is made possible.

Labeling with Rhodamine, a fluorescent dye, was achieved, which allowed a characterization by optical microscopy of the cell uptake and localization. It was shown that they are present in the cytoplasm of the cells. In addition, these NPs were successfully functionalized with a radionuclide by C.