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INTRODUCTION

Context

On the beginning of the 20 th century, application of ionizing radiation is born with the discovery of X-rays and the radioactivity. The effects of ionizing radiations on humans and living organisms in general have become the subject of concern of numerous studies for the last century. The properties of ionizing radiation to kill cells grant it to be considered as a powerful method to eradicate cancer. It is estimated that nearly two-thirds of all cancer patients receive radiation therapy during their treatment.

Conventional external radiotherapy is based on the use of high-energy (MeV) photons (or electrons) from linear accelerators. These radiations have the particularity to pass through the tissues. They are thus used to treat deep tumors. The use of photons is nevertheless limited by the sensitivity of the healthy tissues surrounding the tumor, which are also heavily irradiated.

Damage in healthy tissues is still a limiting factor of radiation-based therapies. Therefore, much effort is devoted to the development of new protocols to enhance the radiation effects into tumors and thus reduce severe effects to the patients.

The project to enhance radiation effects with drugs (radiosentitization) appeared in the 60's.

The first attempts started with the incorporation of 5-Bromo-and 5-IodoDeoxyuridine into mammalian cell. It was shown that this innovation made the cells highly sensitive to UV light and to x-rays [START_REF] Djordjevic | Genetics of human cell lines. III. Incorporation of 5-bromo-and 5iododeoxyuridine into the deoxyribonucleic acid of human cells and its effect on radiation sensitivity[END_REF][START_REF] Delihas | Radiosensitization of a mammalian cell line with 5bromodeoxyuridine[END_REF] . Afterwards, a new strategy was addressed by several groups based on the association of radiation with cisplatinum, a drug commonly used in chemotherapy. Various studies were conducted on mammalian cells [3] and bacteria [START_REF] Shimizu | A similar action to UV-irradiation and a preferential inhibition of DNA synthesis in E. coli by antitumor platinum compounds[END_REF][START_REF] Zimbrick | Studies on radiosensitization of Escherichia coli cells by cis-platinum complexes[END_REF] . More recently, at the European Synchrotron Radiation Facility (ESRF), in Grenoble, it was shown in cells [START_REF] Corde | Synchrotron photoactivation of cisplatin elicits an extra number of DNA breaks that stimulate RAD51-mediated repair pathways[END_REF][START_REF] Corde | Lack of cell death enhancement after irradiation with monochromatic synchrotron X rays at the K-shell edge of platinum incorporated in living SQ20B human cells as cisdiamminedichloroplatinum (II)[END_REF] and small animals [START_REF] Biston | Cure of fisher rats bearing radioresistant F98 glioma treated with cis-platinum and irradiated with monochromatic synchrotron X-rays[END_REF] that the addition of cisplatinum enhances the deleterious effects of 79 keV Xrays.

Cisplatin is cytotoxic. It is thus difficult to disentangle the radiosensitizing effect from its toxicity. Our group used platinum chloroterpyridine (denoted PtTC), a non-toxic platinum derivative, to characterize the basic mechanisms of radiosensitization. Molecular scale experiments performed with DNA plasmids in solution [START_REF] Kobayashi | Enhancement of X-Ray-Induced Breaks in DNA Bound to Molecules Containing Platinum: A Possible Application to Hadrontherapy[END_REF][START_REF] Kobayashi | Study of Auger effect in DNA when bound to molecules containing platinum. A possible application to hadrontherapy[END_REF][START_REF] Usami | Fast He2+ ion irradiation of DNA loaded with platinum-containing molecules[END_REF][START_REF] Usami | Irradiation of DNA loaded with platinum containing molecules by fast atomic ions C6+ and Fe26+[END_REF] but also with dry DNA [START_REF] Sech | Enhanced strand break induction of DNA by resonant metal-innershell photoabsorption[END_REF][START_REF] Sech | Strand break induction by photoabsorption in DNA-bound molecules[END_REF][START_REF] Lacombe | Advances in radiation biology: Radiosensitization in DNA and living cells[END_REF][START_REF] Lacombe | DNA strand breaks induced by low keV energy heavy ions[END_REF] proved that water radicals play a fundamental role in this phenomenon. A new physics was proposed with a stronger importance given to the electrons that are generated along the track of the incident particle (photon or ion). In the meantime, studies in vitro demonstrated that cell death is amplified even though the radiosensitizers (platinum salts) are accumulated in the cytoplasm, and not in the nucleus. It was the first evidence that the radiosensitization phenomenon is due to strong perturbations in the cytoplasmic compartment, far from nuclear DNA. [START_REF] Usami | Mammalian cells loaded with platinum-containing molecules are sensitized to fast atomic ions[END_REF] These studies confirmed that high -Z compounds are the best candidates to increase the performances of ionization radiations. However, the development of this strategy is limited by the fact that metal salts are not tumor selective.

A major breakthrough in the radiosensitization came along with the fast progress in the synthesis of small nanoparticles. This opened a new field of investigation of nanomedicine combined with radiation-based therapies. The remarkable advantage of nanoparticles stems from their small size and the rich chemistry at the surface. Hence, the addition of tumortargeted molecules at the surface of nanoparticles composed of radiosensitizing compounds (platinum, gold for instance) offers the possibility to enrich tumors with radiosensitizers.

The proof of concept of radiosensitization by nanoparticles was demonstrated in 2004 by Hainfeld and coworkers. They proved that 250 kVp X-ray therapy is more efficient when animals are treated with gold nanoparticles. [START_REF] Kennedy | A New Era for Cancer Treatment: Gold-Nanoparticle-Mediated Thermal Therapies[END_REF] In 2008, Kong and coworkers developed new gold nanoparticles (GNP) that specifically target breast cancer cells. [START_REF] Kong | Enhancement of radiation cytotoxicity in breast-cancer cells by localized attachment of gold nanoparticles[END_REF] In this study, the effects of 200 kVp X-rays increased by about 63.5% when combined with GNPs capped with glucose, one of the major nutrients of tumors. Other studies performed on DNA and mammalian cells confirmed the properties of high-Z nanoparticles to amplify radiation effects. [START_REF] Zimbrick | Studies on radiosensitization of Escherichia coli cells by cis-platinum complexes[END_REF][START_REF] Corde | Synchrotron photoactivation of cisplatin elicits an extra number of DNA breaks that stimulate RAD51-mediated repair pathways[END_REF] In parallel, the group of ISMO explored another strategy based on the combination of nanoparticles with fast ions (hadrontherapy), a technique superior to high-energy photons therapies to treat badly sited and radioresistant tumors. In this perspective, a multiscale approach has been optimized not only to quantify the effect of nanoagents combined with different radiations, but also to characterize the mechanisms from nanoscale to cellular level with the aim of transferring these fundamental data in predictive models. The group of ISMO was the first to demonstrate that high-Z nanoparticles amplify damage in biomolecules irradiated by fast ions. [START_REF] Porcel | Utilisation des nanoparticules pour améliorer les performances de la hadronthérapie[END_REF] The major finding was that platinum nanoparticles enhance molecular damage but more interestingly, they amplify the induction of nanosize lesions (highlight 2010). [START_REF] Porcel | Photosensitization of plasmid-DNA loaded with platinum nano-particles and irradiated by low energy X-rays[END_REF] In other words, the addition of NPs enhances the lethality (or the biological efficiency) of the radiation but not the average dose deposited in the medium. This was observed with fast ions and also gamma rays used as ionizing radiations. [START_REF] Porcel | Nano-Sensitization under gamma rays and fast ion radiation[END_REF] Finally, the amplification by platinum nanoparticles was first observed in molecular probes, and then evidenced in mammalian cells. This demonstrated a strong relation between the nanoscale effects and the biological impact.

More recently, a new development appeared in this field of the nanomedicine with the synthesis of multimodal nanoparticles, which combine the properties of radiosensitizers and contrast agents. [START_REF] Corde | Lack of cell death enhancement after irradiation with monochromatic synchrotron X rays at the K-shell edge of platinum incorporated in living SQ20B human cells as cisdiamminedichloroplatinum (II)[END_REF][START_REF] Biston | Cure of fisher rats bearing radioresistant F98 glioma treated with cis-platinum and irradiated with monochromatic synchrotron X-rays[END_REF] This double modality, named theranostics, opens perspectives to use a unique drug for improving tumor monitoring and targeted therapy, which brings new issues in personalized medicine. [START_REF] Kobayashi | Enhancement of X-Ray-Induced Breaks in DNA Bound to Molecules Containing Platinum: A Possible Application to Hadrontherapy[END_REF] Gadolinium-based nanoparticles (GdBN) are good candidates. They are little toxic and their biodistribution is well known. They accumulate into tumors and present excellent properties of contrast agents in Magnetic Resonance Imaging (MRI). [START_REF] Kobayashi | Study of Auger effect in DNA when bound to molecules containing platinum. A possible application to hadrontherapy[END_REF] In addition, GdBN are found to be good radiosensitizers with gamma, X-rays and fast ions used as radiations. [START_REF] Corde | Lack of cell death enhancement after irradiation with monochromatic synchrotron X rays at the K-shell edge of platinum incorporated in living SQ20B human cells as cisdiamminedichloroplatinum (II)[END_REF][START_REF] Kobayashi | Study of Auger effect in DNA when bound to molecules containing platinum. A possible application to hadrontherapy[END_REF] Along with these experimental evidences, the underlying mechanisms of nanoparticles radiosensitization were investigated and described as due to multiple steps from early stage processes to the biological impact. Briefly, the interaction of radiations with high-Z NPs leads to the emission of electron bursts as due to the ionization followed by the relaxation of the NPs. This results in a highly localized dose deposition in their close vicinity. [START_REF] Mcmahon | Biological consequences of nanoscale energy deposition near irradiated heavy atom nanoparticles[END_REF] The interaction of these secondary electrons with water molecules leads to the production of water radicals clusters. [START_REF] Porcel | Platinum nanoparticles: a promising material for future cancer therapy?[END_REF] The reaction of these water radicals with biomolecules is responsible for the induction of lethal damage and consecutive cell death. It is noteworthy to mention that high-Z nanoparticles are active even though they are located in the cytoplasm of the cells, far from the nucleus. [START_REF] Butterworth | Physical basis and biological mechanisms of gold nanoparticle radiosensitization[END_REF] So far the role of the biological function in the radiosensitization is not well understood. The activation of the early stage and highly localized mechanisms is considered as the key stage of the NPs efficiency. If so, one can expect the radiosensitizing action of the NPs to be "universal", and to take place in all living organisms. So far, the effect was observed in eukaryotic organisms only.

Objective

The challenge of my thesis was to probe the universal character of the radiosensitization induced by NPs. In this perspective, the effects of high-Z nanoparticles used as radiosensitizers (gold, platinum and gadolinium based nanoparticles) were tested on bacteria.

We used as cellular probe the most radioresistant bacterium ever reported Deinoccocus radiodurans (D. radiodurans). This organism exhibits an extraordinary ability to reassemble its functional genome after exposure to massive radiation doses, whereas the genomes of most organisms remain irreversibly shattered under the same conditions. The high resistance to radiations is attributed to a combination of physiological tools including an efficient DNA double strand break repair system, a condensed form of the nucleoid to avoid dispersion of DNA fragments produced by irradiation and an efficient protection of proteins against oxidation.

For comparison, the nanoparticles were tested on the radiosensitive bacterium E.coli, a gramnegative enterobacterium.

Outline of the thesis

My thesis is structured in four chapters.

The Chapter I of this manuscript is dedicated to a general overview of the mechanisms involved in the interaction of high-energy photons with matter (solids, water and biomolecules), from the initial physical processes to the biological consequences. The effect of gamma rays in different bacteria is presented with a focus on the particular case of the extremely radioresistant bacterium Deinoccocus radiodurans. At the end, a general state-ofart of the nanoparticles devoted to medical use is proposed.

In Chapter II the materials and methods developed and used in this study are described. This subject is highly multidisciplinary. For this reason, I had to learn and use a large number of techniques and concepts in physics (radiations), chemistry (nanosciences) and biology (plasmids and bacteria). In addition, I had the opportunity to use microscopy techniques installed on platforms such as the Synchrotron Deep-UV Fluorescence microscopy, and the Transmission electron microscopy (TEM) coupled with high angle annular dark field scanning transmission electron microscopy (HAADF-STEM).

The results are presented and discussed in the Chapter III for the in vivo studies and Chapter IV for the molecular scale studies.

Conclusions and perspectives of this work are proposed at the end of the manuscript

Chapter I. GENERAL OVERVIEW

This study seeks to understand the effect of nanoparticles on the effects induced by ionizing radiation in living cells. The action of ionizing radiations occurs over a broad timescale that extends from the very early physical processes associated with energy absorption to the very late biological effects (Figure 1). This is of fundamental interest to better understand the multiscale processes that can occur at the different stage.

Figure 1: Response of biological systems to ionizing radiation consists of a complex set of physical, chemical, and biological events

The physical stage (10 -18 -10 -14 s) starts with the interaction of high-energy particles (photons or electrons) with matter. This results in the excitation and/or ionization of the atoms or molecules of the medium, and in the emission of secondary electrons. These processes may damage biological molecules directly (called direct effects -independent of the solvent).

These early-stage mechanisms are described in part 1 of this chapter.

The interaction with water, principal component of the cells, with particles (electrons and photons) of energies higher than 13.6 eV leads to water radiolysis. The relaxation and fragmentation of excited water molecules (physical-chemistry stage, 10 -14 s -10 -12 s) lead to the formation of free radicals and water byproducts. The resulting products may diffuse away from the radiation track and/or react with biological molecules (chemical stage, 10 -12 -10 -6 s).

These processes are called indirect effects. The water radiolysis is presented in the Part 2 of this chapter.

The biological damages resulting from these events occur 10 -6 sec and beyond after irradiation.

Their impact on cellular macromolecules (DNA, proteins, lipids) is overviewed in Part 3 of this chapter.

These cascade events are responsible for genetic mutations and cell death in eukaryotic cells as in bacteria. The case of eukaryotic cells was previously studied in this group and discussed elsewhere. [START_REF] Porcel | Utilisation des nanoparticules pour améliorer les performances de la hadronthérapie[END_REF] The effect of gamma rays on bacteria is presented in this study. The particular case of an extreme radioresistant bacterium-Deinoccocus radiodurans, used as model in my thesis is emphasized (Part 4 of this chapter).

In part 5 of this chapter, an overview of the effects of nanoparticles is presented including some a brief view concerning the toxicity of nanoparticles (in vivo and in vitro). Finally, studies illustrating the radiosensitization effects in eukaryotic cells are summarized to give a state-of-art of the present knowledge in the radiosensitization.

Gamma rays: characterization and interaction with matter

1.1.

Characteristics of the gamma rays radiation

For most of the history, light was the only known part of the electromagnetic spectrum. It was completed with the discovery with high-energy photons include X-rays and gamma rays. In 1895 Wilhelm Röntgen discovered the X-rays. Gamma rays were identified in 1900 by

Becquerel and Villard as high-energy radiations produced by the radioactive decay of radium.

This radiation was named "gamma rays" by Ernest Rutherford in 1903.

The energy of gamma rays can vary between few hundred keV up to few 10 MeV (See The gamma rays used in this work were produced in a cobalt-60 source. The cobalt decays into two excited states of nickel-60 ( 60 Ni 28 ) (Figure 3). The de-excitation of [START_REF] Albanese | Modulation of intercellular communication mediated at the cell surface and on extracellular, plasma membrane-derived vesicles by ionizing radiation[END_REF] Ni into its ground state leads to the emission of two photons of energies 1.17 and 1.33 MeV (gamma rays). The half-life of cobalt-60 is 5.27 years.

Figure 3: Decay of the radionuclide [START_REF] Albanese | Modulation of intercellular communication mediated at the cell surface and on extracellular, plasma membrane-derived vesicles by ionizing radiation[END_REF] Cobalt

In this study, the same radiation source was used for the synthesis of platinum nanoparticles as well as for the radiation studies of plasmids and bacteria.

The quantification of the radiation dose (D) corresponds to the incident energy (Joule) absorbed per mass unit of the target (kg -1 ). Its unit is the gray (Gy), which corresponds to the deposition of 1 Joule in 1 kilogram of matter (1Gy = 1 J kg -1 ).

The dose rate of the source is defined as the radiation dose absorbed (Gray) per time unit (hour -1 ). The cobalt-60 source was changed during the period of the thesis. The dose rates were 1.4 kGy.h -1 first and 7 KGy.h -1 in the new one.

The ionization density of the beam is characterized by the Linear Energy Transfer (LET).

Gamma rays have a LET of 0.2 keV.µm -1 , which is considered as low compared to other ionizing radiations (Table 1). [START_REF] Eric | Radiobiology for the Radiologist[END_REF] The comparison of LETs indicate that the energy bursts deposited along the track of gamma rays is more sparse than in the case of high LET particles (Figure 4). 

Interaction of gamma rays with matter

The interaction of high-energy photons with matter is driven by three physical processes: the photoelectric effect, the Compton effect, and the electron-hole pair production. [START_REF] Taylor | Modern physics for scientists and engineers[END_REF][START_REF] Sears | University physics[END_REF] 1.2.1. Photoelectric effect

In the photoelectric absorption, the photon interacts with an inner shell electron of an atom in the absorbing medium and transfers its entire energy. The photoelectron is ejected with a kinetic energy (KE) given by Equation 1:

KE (photoelectric electron) = hν -E b Equation 1
where hν is the energy of the incident photon, and E b the binding energy of the electron. In this effect, the entire energy of the incident photon is deposited in the irradiated medium. As a result, the atom participating in the photoelectric process is left positively charged. The vacancy created in the inner shell is instantly filled by electronic relaxation (see paragraph 1.4).

Figure 5: Photoelectric effect

The photoelectric effect is the dominant energy transfer mechanism for x and γ ray photons having energies below 50 keV in biological tissues, but it is less important at higher energies.

Compton scattering

Compton scattering was first observed in 1923 by Arthur Holly Compton who earned the 1927 Nobel Prize in physics for the discovery. It takes place for incident photons with energies that considerably exceed the binding energies of the outer shells electrons of an atom.

The Compton scattering is an inelastic process where the incident photon loses energy upon being scattered to an angle 𝜃 from its initial trajectory. The energy loss is transferred to an outer shell electron (the recoiled electron), which is ejected from the atom (Figure 6). The incoming photon with energy ℎ𝑣 is scattered with an angle 𝜃 (the scattering angle). The energy ℎ𝑣 , of the scattered photon is given by the Compton equation:

) cos 1 ( 1 ' θ α ν - + = h hv Equation 2
Where and is the mass of the electron.

The equation shows that the photon loses no energy when it is scattered in the forward direction (𝜃 = 0). For 180° scattering (backward scattering), the photon loses most of the energy. This energy loss increases with the incident energy of the photon.

The kinetic energy (T) transferred to the electron is given by: Equation 3This energy is zero when the photons scatters in the forward direction, and takes its largest value when the photon is backscattered at 180°. Figure 7 shows the maximum fraction of energy transferred to the recoiled electron ejected in the forefront direction, as a function of the photon energy. The figure shows that for incident energies below 0.1 MeV, the energy transfer is less than 20%. At energies above 1 MeV, the fraction of energy transferred to the electron is more than 80%.

2 0 c m hυ α = 0 m ' hv h T - = ν
Compton effect is the principal absorption mechanism for X and gamma rays in the energy range of 100 keV to 10 MeV. It is noteworthy to mention that radiotherapy protocols (with X or gamma rays) use such range of energy.

Electron-positron pair production

This process occurs when photons of energies higher than 1.02 MeV interact with the nuclei of atoms. This interaction may lead to the conversion of the photon into an electron plus a positron (Figure 8). The minimum energy of the incident photon must be two times the rest energy of an electron (0.511 Mev). The electron and positron tend to be ejected in the forward direction.

Figure 8: Electron-positron pair production followed annihilation of the positron

The positron has a very short lifetime and recombines with a free electron (annihilation). The entire mass of the particles is converted into two gamma rays of 0.511 MeV each, emitted in opposite directions.

The pair production is not induced for incident energies below 1.02 MeV. This process rapidly increases with the photon energy and, well above threshold, varies approximately as the square of the nuclear charge Z of the target.

Summary: probability of the three processes

The process by which photons are absorbed depends on their energy (hν) and on the atomic number of the absorbing material (Z) as summarized in Figure 9.

Figure 9: Processes involved in the interaction of high-energy photons with matter [START_REF] Podgoršak | Radiation oncology physics : a handbook for teachers and students[END_REF] Three regions can be distinguished: v In the low energy region (less than 0.1 MeV) the photoelectric effect dominates. This effect vanishes when the incident photons have energies higher than 0.7 MeV. This domain extends when high-Z compounds are present in the target (e.g. platinum/gold/gadolinium). This process is low for incident gamma rays interacting with carbon, hydrogen, oxygen, nitrogen of biological systems. v In the middle energy region (between 0.1 and 10 MeV), the contribution of the Compton effect prevails. This effect dominates for gamma rays delivered by a cobalt-60 source (average energy=1.25 MeV). The mass absorption coefficient for the Compton process is nearly independent of the atomic number of the target. v In the high energy region (more than 10 MeV), the pair production becomes important for energies higher than 2.044 MeV and is dominant for energies above 10 MeV. This process can be considered as negligible for gamma rays.

Finally, the interaction of gamma rays with biological matter or high-Z compounds founded in the composition of radiosensitizing nanoparticles takes place via Compton effect.

Interaction of electrons with matter

The ionization of the material by incident photons results in the emission of electrons along the path. These ejected electrons are referred to as secondary electrons. The energy distribution of these electrons ranges from zero up to 80 % of the incident energy of gamma rays (in the case of Compton effect with gamma rays backscattered at 180°), with a maximum at 50 eV. [START_REF] Scifoni | Spectra of secondary electrons generated in water by energetic ions[END_REF] These electrons interact successively with the target. The physical processes involved in the interaction of electrons with biological matter are described below.

Radiative process -Bremsstrahlung

Electrons of high energy (MeV) can be deflected by positively charged nucleus. This leads to a loss of kinetic energy, which is instantaneously released through the emission of a photon (i.e. X-rays). The energy of the radiation is equal to the energy loss of the electron. This is a relatively unimportant energy loss mechanism below about 10 MeV in low-Z materials. [START_REF] Podgoršak | Radiation oncology physics : a handbook for teachers and students[END_REF] The radiation emission accompanying the electron deceleration is called bremsstrahlung, a German word meaning "braking radiation" (Figure 10).

Figure 10: Electron energy loss via bremsstrahlung

Total bremsstrahlung emission per atom is proportional to Z 2 , where Z is the atomic number of the absorber. The energy of a bremsstrahlung X-ray photon can be any value up to the total kinetic energy of the deflected electron. Thus, when many electrons undergo bremsstrahlung interactions, the result is a continuous spectrum of X-ray energies.

The electrons emitted by the ionization of the medium by gamma rays used in this study have energies below MeV. Thus the probability of inducing bremsstrahlung radiation is low.

Elastic and inelastic electron scattering

The Coulomb interaction of secondary electrons with the electrons of the medium can lead to elastic scattering (without loss of energy) or to inelastic scattering (with loss of energy).

In the case of elastic scattering (Figure 11), the electrons do not lose energy but are highly deviated. The probability of this process increases with the atomic number (Z) of the target and decreases with the energy of the electrons (E 0 ). This process is very important for energy electrons of a few hundred eV.

Figure 11: Elastic scattering of electrons

When the electron transfers energy to another electron of the target, it is referred as an inelastic scattering (Figure 12). The probability of this process, which is proportional to Z/E 0 2 , increases with the atomic number of the target.

Figure 12: Inelastic scattering of electron-electron interaction

The inelastic interaction leads to the ionization of the targeted atom, which results the scattering of the secondary electron and the emission of an electron from the electronic orbital of target atom.

Dissociative electron attachment (DEA)

The dissociative electron attachment takes place for electrons of energies below 25 eV, which have energies of the same order than the electrons of the target molecules. These electrons can attach to the target molecules and form intermediate species in negative excited states * -) (AB . The de-excitation of these excited species leads to:

1. The auto-detachment of the electron with excitation of the molecule: 42. The dissociative attachment with fragmentation of the molecule:

- * * - - + → → + e AB AB e AB ) ( ) ( Equation
- * - - + → → + B A AB e AB
) ( Equation 5The effect of these low-energy electrons on DNA has been studied through experiments performed on lyophilized DNA. [START_REF] Boudaïffa | Resonant Formation of DNA Strand Breaks by Low-Energy (3 to 20 eV[END_REF] It was shown that, even at very low energies (< 20 eV), this process can induce single and double strand breaks in the helix. The maximum DNA strand breaks were observed for 10 eV electrons. This process was proposed as an important contribution to the radiation induced biological damages. [START_REF] Boudaïffa | Resonant Formation of DNA Strand Breaks by Low-Energy (3 to 20 eV[END_REF] 1.3.4. Plasmon excitation (electron -solid interaction) This process may take place for solid metal targets only (nanoparticles for instance). Incident electrons excite collectively electrons of the metal. This results in the excitation of the surface or volume plasmon of the metal. [START_REF] Scifoni | Including oxygen enhancement ratio in ion beam treatment planning: model implementation and experimental verification[END_REF] The de-excitation of the surface and volume plasmons leads to the emission of a photon (radiative process) or an electron (non-radiative process).

In this work, the induction of plasmons is discussed in the case of biological targets loaded with metallic nanoparticles (platinum or gold) and irradiated by gamma rays. For instance, gold nanoparticles with an average diameter of 4 nm present a strong surface plasmon band (SPB) at 527 nm. [START_REF] Aryal | Immobilization of collagen on gold nanoparticles: preparation, characterization, and hydroxyapatite growth[END_REF] 1.4.

Electronic relaxation processes

After interaction with gamma rays and secondary electrons, the medium is left in a highly excited state. In particular, when inner shells are ionized, the electrons reorganize to bring the system back to its fundamental state. The excess energy associated with this phenomenon can be released through two possible processes: Auger de-excitation (non-radiative process) or fluorescence (radiative process). These two mechanisms are described below. The Auger emission is described in Figure 13 in the case of a K L 1 L 2,3 transition. The core hole is induced in the K shell of a target atom (by photoelectric process). A L 1 electron is transferred to the hole with release of its energy to a L 2,3 electron. The Auger electron is emitted with the kinetic ΔE (Equation 6):

3 2 1 E - E - E = E Δ Equation 6
With E 1 : energy of the incident electron E 2 : binding energy of the photoelectron (emitted from the K-shell orbital) E 3 : binding energy of the Auger electron.

After this electronic relaxation process, the target atom is left with two positive charges.

Fluorescence (radiative process)

This process was first observed by F. Bloch and P. A. Ross. [START_REF] Bloch | Radiative Auger Effect[END_REF] When a vacancy is formed in K-shell due to a photoelectric ionization of the target atom, the electrons re-organize with release of the excess energy in the emission of an X-ray photon (Figure 14). The energy of the emitted X-ray photon is given by:

2 L K E E h E - = = υ Equation 7
There is competition between the radiative (fluorescence) and the non-radiative (Auger) processes. The total transition rate is a sum of the non-radiative and radiative processes. The Auger yield, A ω , is related to the fluorescence (x-ray) yield x ω by the relation [START_REF] Feldman | Fundamentals of Surface and Thin Film Analysis[END_REF][START_REF] Thompson | Auger Electron Spectroscopy[END_REF] :

A x x x A W W W + - = - = 1 
1 ω ω Equation 8Where x W is the X-ray transition probability and A W is the Auger transition probability.

In the case of K-shell vacancies, the fluorescence yield increases with the atomic number of the target (Z) (Figure 15). The Auger process is dominant in the light elements that compose the biological systems (C, O and N). The behavior is strongly different for the L-shell ionization as shown in Figure 16. The fluorescence yield remains below 50% and the relaxation via Auger de-excitation is thus dominant even for high-Z elements. [START_REF] Feldman | Fundamentals of Surface and Thin Film Analysis[END_REF] 9This process was never mentioned before in the field of the radiobiology. However the charge transfer process is well known for metals. [START_REF] Kočišek | Energy and charge transfer in ionized argon coated water clusters[END_REF] In the present work, electron capture may take place when metal nanoparticles are present in the medium only.

Water radiolysis and radical chemistry

Water is the dominant compound in living organisms and is responsible for the major energy absorption of the incident radiation. The interaction of ionizing radiations with water is named water radiolysis. This process leads to the excitation, ionization and fragmentation of the water molecules along the tracks of the incident particles. The water byproducts are highly reactive and play a major role in radiation effects in biological systems.

Water radiolysis

When gamma rays interact with water, a cascade of reactions takes place in the early stage after irradiation (10 -18 s -10 -6 s range). This cascade is represented in Figure 18 below.

The ionization and electronic excitation of water is followed by a fast re-organization of the system. The positive radical ion is believed to undergo the reaction with H 2 O in around 10 -14 s. The electronically excited molecules dissociate in ~10 -13 s, and the electrons released in the medium are solvated in 10 -12 s. [START_REF] Mehran Mostafavi | Radiation Chemistry: From Basics to Applications in Material and Life Sciences[END_REF] At this time, for low LET radiation such as gamma rays, the products of reactions (finished in ~10 -12 s ) are clustered together in small widely separated spurs, each spur contains two or three ion pairs in average. These products start to diffuse randomly and react to form molecular and secondary radical products.

Some of these products escape from the spur and distribute homogeneously in the solution.

The radiochemistry of water including the reactions and diffusion processes is complete within ~10 -7 s. [START_REF] Mehran Mostafavi | Radiation Chemistry: From Basics to Applications in Material and Life Sciences[END_REF] It ends with the production of highly reactive oxygen species (ROS) and reductants (e aq -, H • ). When highly concentrated, the hydroxyl radicals can dimerize in the peroxide. [START_REF] Mehran Mostafavi | Radiation Chemistry: From Basics to Applications in Material and Life Sciences[END_REF] O (Equation 10- Equation 12).
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Equation 10

• • → + 2 2 HO O H Equation 11
The two oxygen radicals

• 2
HO and -

• 2
O are in pH dependent equilibrium:

+ - • • + ⇔ H O HO 2 2

Equation 12

The pK a of the weak acid

• 2
HO is 4.8. So at pH <<4.8, the hydroperoxyl radical is present and at pH>>4.8 (biological conditions) the superoxide radical

- • 2
O is dominant. [START_REF] Stark | Functional consequences of oxidative membrane damage[END_REF] As a consequence, the hydroxyl O are the main oxidizing species of water radiolysis at pH=7. It was reported that DNA is readily damaged by • OH, but is insensitive to -

• 2 O . In contrast, - • 2
O damages cluster -containing enzymes such as aconitase, fumarases. [START_REF] Imlay | Pathways of oxidative damage[END_REF] 

Interaction of radiolysis byproducts with molecules

ROS, in particular

• HO , and • H react strongly with organic molecules (R -H):

1) Oxidation and hydroxylation by

• HO radicals:

O H R HO H R 2 + → + - • • Equation 13 OH R HO R - → + • • Equation 14 2) Reaction with • H : 2 H R H H R + → + - • •

Equation 15

The hydroxyl radical (

) is the most oxidative species. [START_REF] Schwarz | Equilibrium between Hydroxyl Radicals and Thallium(Ii) and the Oxidation Potential of Oh(Aq)[END_REF][START_REF]Principles of Free Radical Biomedicine[END_REF] To investigate the role of OH

• in radiation induced biological damage, Dimethyl sulfoxide (DMSO) can be used to scavenge OH • free radicals [START_REF] Kennedy | Water Structure' versus 'Radical Scavenger' theories as explanations for the suppressive effects of DMSO and related compounds on radiation-induced transformation in vitro[END_REF] . The reaction of DMSO with OH

• is very efficient (k= 7x10 9 mol -1 sec -1 ) [START_REF] Dorfman | Reactivity of the hydroxyl radical in aqueous solutions[END_REF] :

• • + - → + - - 3 3 3 3 CH SOOH CH OH CH SO CH Equation 16
Because of the low toxicity of DMSO, sufficient amounts of this scavenger can be used in experiments to trap a large fraction of • HO . [START_REF] Jacob | THE TOXICOLOGY OF DIMETHYL SULFOXIDE (DMSO)[END_REF][START_REF] Steiner | Quantitation of the hydroxyl radical by reaction with dimethyl sulfoxide[END_REF] The induction of water radiolysis in biological systems causes damages due to reaction of the water radicals ( OH

• , - • 2 
O ) and byproducts (H 2 O 2 ) with the cell constituents such as DNA, proteins, and lipids as discussed below.

Effects of gamma rays on cellular macromolecules

The irradiation of biological matter by gamma rays may impact a variety of cellular bricks, including proteins, lipids (i.e. membrane) and nucleic acids (DNA and RNA) due to the action OH • of direct effects (interaction of photons and electrons with molecules) and indirect effects (solvent mediated). A commonly accepted dogma in radiobiology is that radiation induced cell death is mostly related to the induction of complex damage in DNA. [49] However, recent experiments demonstrated that the dogma must be reconsidered because damage in cytoplasmic biomolecules of eukaryotes are also highly lethal. [START_REF] Henics | Cytoplasmic vacuolation, adaptation and cell death: a view on new perspectives and features[END_REF] A brief summary of the effects of radiations in the different cellular macromolecules is presented.

Damage to DNA

The deoxyribonucleic acid (DNA) is a hereditary material involved in the storage of genetic information and its transmission from one cell generation to the other at each cell division.

DNA molecules are double-stranded helices, consisting of two long biopolymers made of simpler units called nucleotides-each nucleotide is composed of a nucleobase (guanine, adenine, thymine, and cytosine), recorded using the letters G, A, T, and C, as well as a backbone made of deoxyribose and phosphate groups. The distances between the two strands of the double helix are about 2 nm.

Briefly stated, DNA constituents may be ionized by the incident radiation directly (direct effect) or damaged by the indirect effect due to the action of radicals. The consequences of radiations effects in the DNA helix are summarized in Figure 19.

Figure 19: A) DNA damage induced by ionizing radiation and B) Quantitative measurement of radiation-induced and spontaneous DNA damage [START_REF] Mehran Mostafavi | Radiation Chemistry: From Basics to Applications in Material and Life Sciences[END_REF] OH

•

Possible DNA damages induced by ionizing radiation are:

• The single strand break (SSB) corresponds to a simple break in the phosphodiester bond.

• The double strand break (DSB) corresponds to two face-to-face breaks in the two DNA strands, separated by less than 10 base pairs. These breaks are intrinsically separated by more than 2 nm (distance between the two DNA strands). DSB is thus the signature of nanosize damage.

• Base damages: the bases (Adenine, thymine, guanine and cytosine) can be partially destroyed or altered chemically (oxidized bases)

• Formation of abasic sites

• Cross linking in the helix

• Sugar modification (which can lead to SSB)

• Clustered lesions (also called "Multiply damaged sites"): result from several breaks distributed on the two strands and separated by 1-2 helical turns. [START_REF] Nikjoo | Modeling of Radiation-Induced DNA-Damage -the Early Physical and Chemical Event[END_REF][START_REF] Agrawala | Induction and repairability of DNA damage caused by ultrasoft X-rays: Role of core events[END_REF] In this study, plasmids DNA were used as molecular probes to quantify the induction of nanosize damage (DSBs).

Damage to proteins

If radiation-induced damages to DNA have long been considered as the only critical events for the cell machinery, it is now admitted that damage to proteins plays an important role in the ionizing radiation effects. [START_REF] Daly | Death by protein damage in irradiated cells[END_REF] Proteins are a major target for biological oxidants as a result of their abundance and high rate constants for reaction with many species. Protein damage is therefore a major consequence of oxidant formation both external to and within cells. [START_REF] Davies | Oxidative Damage to Proteins[END_REF] Basic principles that govern the oxidation of proteins by ROS were established in the pioneering studies of Swallow [START_REF]Radiation Chemistry of Organic Compounds[END_REF] and Schilling [START_REF] Schuessler | Oxygen effect in the radiolysis of proteins. Part 2. Bovine serum albumin[END_REF] who characterized reaction products formed when proteins were exposed to ionizing radiation under conditions where only • OH,

- • 2
O , or a mixture of both was made available. Results of these studies demonstrated that the modification of proteins is initiated mainly by reactions with • OH; however, the course of the oxidation process is determined by the availability

- • 2 O - • 2
HO and nonradical species such as hydrogen peroxide 2 2 O H . [START_REF] Berlett | Protein Oxidation in Aging, Disease, and Oxidative Stress[END_REF] The following section discusses the main reactions that are involved in proteins oxidation by those reactive oxidization species ( • OH, -

• 2 O and 2 2 O H ).
• Oxidization of the protein backbone: oxidative attack by • HO of the polypeptide backbone is initiated due to the abstraction of the α hydrogen atom of an amino acid residue to form a carbon-centered radical. [START_REF] Berlett | Protein Oxidation in Aging, Disease, and Oxidative Stress[END_REF] 

O H RC OH CH R 2 + → + - • • Equation 17
• Damage to Iron-Sulfur clusters: enzymes such as dihydroxyacid dehydratase rapidly lose activity when it is exposed to - 20). [START_REF] Imlay | Pathways of oxidative damage[END_REF] • Figure 20: Oxidative inactivation of a dehydratase iron-sulfur cluster by O 2 • - [START_REF] Imlay | Pathways of oxidative damage[END_REF] • Oxidation of sulfur atoms: H 2 O 2 oxidizes protein cysteinyl residues, creating sulfenic acid adduct that can form disulfide cross-links with other cysteines. [START_REF] Imlay | Pathways of oxidative damage[END_REF] (Figure 21) • Carbonyl formation: Carbonyl (-(O=C)) groups (aldehydes and ketones) can be produced on protein side chains by oxidation of alcohol groups. It is noteworthy to mention that these moieties are chemically stable, which is useful for their detection by the western blot method (see (Chapter II).

• 2 O (Figure
All these processes may adversely affect protein function. [START_REF] Stadtman | Oxidation of free amino acids and amino acid residues in proteins by radiolysis and by metal-catalyzed reactions[END_REF] 3.3.

Damages to lipids and membranes

Cell membranes are also relevant biological target of ionizing radiation. [START_REF] Benderitter | The cell membrane as a biosensor of oxidative stress induced by radiation exposure: a multiparameter investigation[END_REF] Lipids are the major constituents of cell membranes. [START_REF] Albanese | Modulation of intercellular communication mediated at the cell surface and on extracellular, plasma membrane-derived vesicles by ionizing radiation[END_REF] Ionizing radiations such as gamma rays can damage the membranes, through direct ionization or free radicals reactions.

Lipid peroxidation by ROS was found as the main damage to the membranes, as shown below (Equation 18-Equation 21).

• Initiation, hydroxyl radicals are able to initiate oxidation of unsaturated acyl chains

(LH) O H L OH LH 2 + → + • • Equation 18 • Propagation • • → + LOO O L 2 Equation 19 • • + → + L LOOH LH LOO
Equation 20

• Termination product Nonradical LOO LOO → + • •

Equation 21

The relation between the alteration of the membrane and cell death induced by ionizing radiation remains the subject of research. Most of the data available concerning how membranes react to ionizing radiation were obtained from model membranes in vitro which are simpler than the real biological membranes.

In Escherichia coli, it was found that the dose of ionizing radiation needed to cause cell death is lower than the dose needed to initiate membrane changes. [START_REF] Battista | Extremophiles[END_REF] Finally, changes may occur in the irradiated membrane of living cells, but it is not the major cause of cell death. [START_REF] Battista | Extremophiles[END_REF] 

Bacteria -characteristics and response to radiations

Bacteria are the oldest, structurally simplest, and the most abundant form of life on earth.

Found in the oldest rocks (3.5 to 3.8 billion years old) from which fossils have been obtained, bacteria were abundant for over 2 billion years before eukaryotes appeared. Early photosynthetic bacteria (cyanobacteria) modified the earth's atmosphere with the production of oxygen, which led to extreme bacterial and eukaryotic diversity.

Life on earth could not exist without bacteria. They make possible many of the essential functions of the ecosystems, including production of oxygen and capture of nitrogen from the atmosphere, organic matter decomposition, etc.

In this work, bacteria sensitive or radioresistant to ionizing radiations were used as models to test the efficiency of potential nanodrugs and to progress in the understanding of their activity on organisms.

In this part, a general presentation of the bacteria characteristics (shape, size, structure, composition) and their response to radiation are exposed. A special focus is given to Escherichia coli and mainly Deinoccocus radiodurans, two models used in this work.

4.1.

Characteristics of bacteria

Shape and size

Bacteria display diverse shapes and sizes. Bacterial cells are about 0.5-5.0 micrometers long, which is a tenth the size of typical eukaryotic cells (Figure 22).

Escherichia coli is about 2µm long and 0.5 µm in diameter, with a cell volume of 0.6 -0.7 µm 3 . D. radiodurans is more spheric, with an average cell diameter of 0.5 to 3.5 µm.

Bacteria are mostly simple in form and classified into 5 groups according to their basic shapes (Figure 23): spherical (cocci), rod (bacilli), spiral (spirilla), comma (vibrios) or corkscrew (spirochaetes).

Figure 23: Diverse bacteria morphologies (A) and organization (B)

Bacteria may exist as single cells, in pairs, chains or clusters. This wide variety of shapes is determined by the bacterial cell wall and cytoskeleton. These specificities confer to bacteria, their ability to acquire nutrients, attach to surfaces and swim through liquids. Bacteria studied in this work are the rod (bacilli) shape bacterium-E. coli and the spherical (cocci) shape bacterium-D. radiodurans. For D. radiodurans, two or four cells normally stick together, forming diads and tetrad (Figure 23B).

Intracellular and extracellular cell structures

Bacteria contain a well-developed cell structure. Their intracellular and extracellular structures is well documented. [49] 

Intracellular bacterial cell structures

In comparison to eukaryotic cells, the intracellular structure of the bacterial cells are extremely simple. [49] Bacteria do not contain complex organelles contrary to eukaryotic cells.

Instead, the chromosome and maybe ribosomes translating RNA are the only easily observable intracellular structures found in bacteria. [START_REF] Gitai | The new bacterial cell biology: moving parts and subcellular architecture[END_REF] A bacterium is surrounded by a lipid membrane (also known as cell membrane or plasma membrane). This membrane encloses the cell contents and acts as a barrier to hold nutrients, proteins and other essential components of the cytoplasm within the cell (see Figure 24). Ribosomes: Like all living organisms, bacteria contain ribosomes used to translate the information contained in the RNA messengers into proteins, but the structure of the bacterial ribosome is different from that of eukaryotes and Archaea. Bacterial ribosomes are smaller than those of eukaryotic cells and differ in the protein and RNA composition.

Extracellular bacterial cell structures

In most bacteria a cell wall is present outside the cytoplasmic membrane. The bacterial cell wall is an important feature because it maintains the shape of the cell and protects the cell from swelling and rupturing.

In prokaryotic cells, the primary function of the cell wall is to protect the cell from internal osmotic pressure caused by the much higher concentrations of proteins and other molecules inside the cell compared to its external environment.

The cell wall usually consists of peptidoglycan, a network of polysaccharide molecules connected by polypeptide cross-links. In some bacteria, mostly gram-positive bacteria, the peptidoglycan forms a thick, complex network around the outer surface of the cell. This network is interlaced with peptide chains. In other bacteria, mostly gram-negative bacteria, a thin layer of peptidoglycan is found between two plasma membranes. The extracellular structure of the gram-positive and gram-negative bacteria is shown in Figure 25.

Figure 25: Extracellular structure of the gram-positive and gram-negative bacteria [START_REF] Raven | Bacteria[END_REF] Finally, the outer membrane contains large molecules of lipopolysaccharide, lipids with polysaccharide chains attached. The outer membrane layer makes the gram-negative bacteria to be resistant to many antibiotics, while the same products may interfere with the cell wall of gram-positive bacteria. [START_REF] Silhavy | The Bacterial Cell Envelope[END_REF] 4.1.3. Bacteria growth Bacterial growth corresponds to the number of cells as a function of the time. The growth curve (plot of the log of cell number versus the time) can be described as composed of four regions (see Figure 26): v Death phase: The final phase of the growth cycle is the death phase. When stationary phase is prolonged, cells quickly lose the ability to divide even if they are placed in fresh medium. Like the phase of rapid growth, the death phase is also exponential.

All the phases slow down at low temperature (4°C).

4.2.

Reponses of bacteria to radiation -radioresistance

Survival curves

The effect of radiation on bacteria is quantified by measuring the number of colonies formed (Colony Forming Units-CFU) by cells submitted to radiation, normalized by the number of colonies formed by the non-irradiated cells (control). The representation of this ratio as a function of the irradiation dose (Gray) is the survival curve, called also the dose response curve.

Typical survival curves of bacteria irradiated by gamma rays are presented in Figure 27. to increasing doses of γ-rays [START_REF] Confalonieri | Bacterial and archaeal resistance to ionizing radiation[END_REF] This graph shows that prokaryotes exhibit different sensitivities to irradiation. E. coli is known to be radiosensitive, its survival decreases rapidly with the radiation dose. In contrast to most of the other organisms, D. radiodurans is a highly radioresistant bacteria, as illustrated in Figure 27, no loss of viability is observed until several thousand grays. The analysis of survival curves has provided considerable insight into the various mechanisms of radiation damage [START_REF] Stanley | Microbial Genetics[END_REF] For radiation sensitive bacteria, a simple mathematical theory called target theory is used to simulate the survival curves. The survival can be expressed as Equation 22. Equation 22A plot of lnS versus D gives a straight line with a slope of -k. This type of simulation fits to the radiation sensitive cases such E. coli irradiated by gamma rays (Figure 27). While, for radioresistant bacteria, such as D. radiodurans, further modifications should be introduced in this model by taking in consideration the population resistance. [START_REF] Lambert | Disinfection kinetics: a new hypothesis and model for the tailing of log-survivor/time curves[END_REF] A more sophisticated model was developed by Shuryak and Brenner for radioresistant bacteria such as D.

radiodurans. [START_REF] Shuryak | Effects of radiation quality on interactions between oxidative stress, protein and DNA damage in Deinococcus radiodurans[END_REF] This mathematical model is presented in Chapter II.

Deinococcus Radiodurans-the most radioresistant bacterium

Deinococcus radiodurans (from the Greek deinos, meaning strange or unusual, and coccus, meaning a grain or berry) is a gram-positive, red-pigmented, nonpathogenic bacterium. It was originally identified as a contaminant of irradiated meat. [START_REF] Anderson | Studies on a radioresistant microccous. I. Isolation, morphology, cultural characteristics, and resistance to gamma radiation[END_REF] It has been isolated worldwide from locations rich in organic nutrients, including soil, animal feces, and processed meats, as well as from dry, nutrient-poor environments, including weathered granite in a dry Antarctic valley, room dust, and irradiated medical instruments. [START_REF] White | Genome Sequence of the Radioresistant Bacterium Deinococcus radiodurans R1[END_REF] The radiation resistance of D. radiodurans makes it an ideal candidate for bioremediation of sites contaminated with radiation and toxic chemicals. [START_REF] Lange | Engineering a recombinant Deinococcus radiodurans for organopollutant degradation in radioactive mixed waste environments[END_REF][START_REF] Daly | Engineering radiation-resistant bacteria for environmental biotechnology[END_REF] D. radiodurans is known for its ability to survive extremely high doses of ionizing radiation (10,000 Gy). [START_REF] Krisko | Biology of extreme radiation resistance: the way of Deinococcus radiodurans[END_REF] The survival curve of actively growing cultures of D. radiodurans R1 presents a full resistance to radiation up to 5000 Gy. Below this dose, there is no measurable loss of viability in the irradiated culture. For comparison, around 5 Gy is lethal for human body, and 2000 Gy can sterilize a culture of Escherichia coli.

The robustness of this bacterium is attributed to a combination of physiological tools that are tightly coordinated, ensuring survival from stresses. A lot of mechanisms contribute to radiation resistance but all of them are far to be discovered. It was reported that the tight and
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ordered DNA packaging in D. radiodurans may facilitate DNA repair by promoting both template-independent DNA joining and RecA-dependent recombination. [START_REF] Levin-Zaidman | Ringlike structure of the Deinococcus radiodurans genome: A key to radioresistance?[END_REF] . Several efficient DNA repair mechanisms, such as Extended Synthesis Dependent Strand Annealing (ESDSA), have been found to play an important role for reassemble shattered chromosomes. [START_REF] Confalonieri | Bacterial and archaeal resistance to ionizing radiation[END_REF] Finally, it was demonstrated that the protection against protein oxidation is an important determinant of the bacterial radioresistance as summarized below. [START_REF] Daly | Protein oxidation implicated as the primary determinant of bacterial radioresistance[END_REF][START_REF] Daly | Protein oxidation implicated as the primary determinant of bacterial radioresistance[END_REF] Bacterial ionization resistance correlates with high intracellular Mn (II) concentrations. The values of intracellular Mn/Fe concentration ratios are 0.24 and 0.007 for D. radiodurans and E. coli respectively. [START_REF] Daly | Protein oxidation implicated as the primary determinant of bacterial radioresistance[END_REF] The manganese dense region in D. radiodurans was observed using synchrotron based X-rays spectroscopy (see Figure 28). [START_REF] Daly | Protein oxidation implicated as the primary determinant of bacterial radioresistance[END_REF] Figure 28: X-ray-absorption near-edge structure (XANES) absorption spectra. Mn standards:

MnCl 2 (Mn(II)), R-MnOOH (Mn(III)), and MnO 2 (Mn(IV)) [START_REF] Daly | Protein oxidation implicated as the primary determinant of bacterial radioresistance[END_REF] The XANES image shows that Mn compounds are concentrated in granules. These electrondense granules (EDGs) are frequently observed in electron microscopy images.

The role of Mn in the radioresistance can be summarized as follows (Figure 29). 24).

ª Manganese oxidation

+ + - • + + → + + 3 2 2 2 2 2
Mn O H H O Mn Equation 23ª Manganese reduction

+ + + + + → + H O Mn O H Mn 2 2 2 2 2 2 2 3

Equation 24

The catalase is a common enzyme that favors the H 2 O 2 decomposition into O 2 and H 2 O. Thus, under aerobic conditions, O !

•! is produced and is responsible for damage and inactivation of Fe-S containing enzymes. Fe-S clusters participate in several biochemical processes such as electron transfers, substrate binding and activation, redox catalysis, DNA replication and repair, regulation of gene expression, and tRNA modification. Thus, Mn 2+ and Mn 3+ redox cycling prevent the degradation of enzymes and protect diverse cellular functions. [START_REF] Daly | A new perspective on radiation resistance based on Deinococcus radiodurans[END_REF] 

Nanoparticles in biology and medicine

The prefix 'nano', derived from the Greek 'nanos' signifying 'dwarf', is becoming increasingly common in scientific literature. Nanoparticles were already used by artisans in the 9th century in Mesopotamia for generating a glittering effect on the surface of pots.

Michael Faraday provided the first scientific description of the optical properties of nanometer-scale metals in his paper pulished in 1857. [START_REF] Faraday | Experimental relations of gold (and other metals) to light[END_REF] 5.1.

Nanoparticles size, shape and functionalization

A nanomaterial is an object which has at least one dimension in the nanometer scale, this one being conventionally defined as the one to few hundred nanometres range.

The use of metallic nanoparticles seems to have started with the beginning of glass-making in Egypt and Mesopotamia back in the fourteenth and thirteenth centuries BCE. Over 5000 years ago, the Egyptians ingested Au NPs for mental and bodily purification The most famous example of the use of metallic nanoparticles concerns a piece of Roman glasswork, the Lycurgus Cup, exposed in the British Museum in London. [START_REF] Schaming | Nanotechnology: from the Ancient Time to Nowadays[END_REF] Their fields of application increased rapidly in the last decade because of their unique properties. Nanocrystals (quantum dots) and other nanoparticles (gold colloids, nanobars, dendrimers and nanoshells) have been receiving a lot of attention for their properties and their potential use in therapeutics in particular. [START_REF]Potential applicaitons of Nanoparticles[END_REF] The NPs used in this work are high-Z metal (Gd, Pt and Au) nanoparticles have an average diameter of 2 to 5 nm. This is comparable to the size of some cell constituents (Figure 30).

For instance, the distance between the two DNA strands is 2 nm, and face-to-face breaks in the two DNA strands correspond to a complex damage of nanoscopic dimension. The size of relevant proteins, such as myoglobin, hemoglobin, albumin, is also in the nanoscale range, have a size range around 3.5, 6.5 and 8.5 nm respectively. A major added value of the nanoparticles is the rich chemistry that can be processed at the surface. The functionalization of NPs with molecules specific to biological sites opens new applications in biology and medicine. The approaches used in designing nanoparticles devoted to medical applications are schematically presented below (Figure 32)

Figure 32: Typical configurations utilized in nano-bio materials applied to medical or biological problems [START_REF] Salata | Applications of nanoparticles in biology and medicine[END_REF] Various biological or molecular coatings or layers attached to the nanoparticle may act as bioinorganic interfaces. Antibodies, biopolymers or monolayers of small molecules may be used to make the nanoparticles biocompatible and enhance tissues targeting. For example S. Roux and co-workers used DTDTPA (dithiolated polyaminocarboxylate) to optimize the biocompatibility and biodistribution of gold nanoparticles. Tillement and co-workers functionalized lanthanide nanoparticles with DTPA (diethylenetriaminepentaacetic acid) in the same perspective. In this study, nanoparticles functionalized with DTPA and DTDTPA.

Nanoparticles in cells

• Toxicity

The impact of nanomaterials on human and environmental health is the subject of numerous investigations worldwide. The major investigations and results have been reviewed by R.

Brayner, F. Fiévet, and T. Coradin. [START_REF] Brayner | Nanomaterials, a danger or a promise? : a chemical and biological perspective[END_REF] Due to their small size, nanoparticles can penetrate into the circulatory and lymphatic systems, and ultimately to body tissues and organs. It was reported that nanoparticles produce irreversible damage to cells as due to oxidative stress or/and organelle injury. [START_REF] Alkilany | Toxicity and cellular uptake of gold nanoparticles: what we have learned so far?[END_REF] The toxicity of nanoparticles in eukaryotic cells and prokaryotes depends on their size, shape, composition, crystallinity, and surface functionalization.

The present work was not focused on nanotoxicity of high-Z NPs. However, to perform radiation studies with NPs, it was essential to take into consideration the toxicity of high-Z nanoparticles in the cellular models used here, E.coli and D. Radiodurans.

• Uptake

Like nanoorganisms (viruses), nanoparticles are able to enter cells and interact with subcellular structures. The conclusions reported in the available literature on the nanotoxicity, both in vitro and in vivo, vary widely. [START_REF] Ostrowski | Nanotoxicology: characterizing the scientific literature, 2000-2007[END_REF] Some general features are summarized here.

For eukaryotic cells, it was observed that high-Z NPs (e.g. Pt, Au and Gd) enter cells and stay in the cytoplasm. [START_REF] Lux | Ultrasmall Rigid Particles as Multimodal Probes for Medical Applications[END_REF][START_REF] Roux | Multifunctional nanoparticles: from the detection of biomolecules to the therapy[END_REF] The cell uptake depends on the nanoparticle functionalization, size, and shape. Various biological or molecular coatings were designed to improve the NPs uptake. [START_REF] De Jong | Drug delivery and nanoparticles:applications and hazards[END_REF] Simulation study also suggested that internalization by endocytosis is faster for nanoparticles of 27-30 nm diameters. [START_REF] Gao | Mechanics of receptor-mediated endocytosis[END_REF] In addition, biodistribution studies have demonstrated that the uptake of spherical particles is favored. [START_REF] Toy | Shaping cancer nanomedicine: the effect of particle shape on the in vivo journey of nanoparticles[END_REF] The general conclusions that can be drawn from these studies are still preliminary and many investigations are still in process. Data with different cell lines loaded with nanoparticles of various sizes and composition are still needed. [83] In the case of bacteria, E. coli was used as a model to evaluate the bactericide properties of NPs. It was found that ZnO enter E. coli. E. coli cells were damaged, showing a gramnegative triple membrane disorganization. [START_REF] Brayner | The toxicological impact of nanoparticles[END_REF] Negatively-charged gold NPs could not be observed inside E. coli. This was due to the repulsion with negative charges of the surface. [START_REF] Huang | Functional gold nanoparticles as photothermal agents for selective-killing of pathogenic bacteria[END_REF] The mechanisms of internalization of NPs in bacteria depend on various parameters, such as particle size, surface properties, and functionalization. [START_REF] Brayner | The toxicological impact of nanoparticles[END_REF] It has been proposed, that NPs are internalized through ion channels or via pores in the cell membrane. It is noteworthy to mention that the internalization of NPs in D. Radiodurans was never studied yet.

In this study, microscopy measurements were used to observe the uptake of high-Z NPs in E.coli and D. Radiodurans.

Nanoparticles in nanomedicine

The attractiveness of NPs is based on several properties. Depending on their size, nanoparticles present optical, electric, and magnetic properties that are different from the bulk material.

The focus of my work is the study of nanoparticles devoted to medical use. This part aims to give a brief overview in the current development of nanoparticles for medical purpose.

Applications of nanotechnology for treatment, diagnosis, monitoring, and control of biological systems has recently been referred to as "nanomedicine" by the National Institutes of Health, which has been the issue of extensive research. [START_REF] Moghimi | Nanomedicine: current status and future prospects[END_REF] It has provided substances with better penetration ability and lower risk compared to conventional drugs. [START_REF] Mesbahi | A review on gold nanoparticles radiosensitization effect in radiation therapy of cancer[END_REF] Numerous studies have been devoted to the development of NPs dedicated to various biological and medical applications. Few examples are given here:

• Drug delivery: A multitude of substances are currently under investigation for the preparation of nanoparticles for drug delivery, varying from biological substances like albumin, gelatine and phospholipids for liposomes, and more substances of a chemical nature like various polymers and solid metal containing nanoparticles. The easy access of drug-delivery nanovectors to cells and tissue provides tremendous potential advantage in medicine. [START_REF] Couvreur | Nanotechnology: Intelligent design to treat complex disease[END_REF] • Photothermal therapy: Noble metal nanoparticles have strongly resonant lightabsorbing and light-scattering properties that depend on shape, which provide a new and powerful tool for innovative light-based approaches. [START_REF] Lal | Nanoshell-enabled photothermal cancer therapy: impending clinical impact[END_REF] For instance, gold shell nanoparticles have been central for the development of photothermal cancer therapy.

By changing the nanoparticle shape, the absorption band of the NPs can be located in the near-infrared region (650-900 nm).

• Fluorescent labels and imaging: Different types of fluorescent nanoparticles have been developed for the flow cytometry and/or the confocal fluorescence microscopy. [START_REF] Hötzer | Fluorescence in Nanobiotechnology: Sophisticated Fluorophores for Novel Applications[END_REF] The improved luminance and photostability of quantum dots makes them appropriate for imaging cells. This proof of principle system was suggested to be used in high-throughput drug screening and medical diagnostics.

• Contrast agents for in vivo imaging: Lanthanide based nanoparticles are found to enhance contrast in magnetic resonance imaging (MRI) studies. [START_REF] Lux | Ultrasmall Rigid Particles as Multimodal Probes for Medical Applications[END_REF] Recent studies have shown that gadolinium oxide core embedded in a polysiloxane shell are well suited for in vivo dual modality, the magnetic resonance imaging and the fluorescence imaging. [START_REF] Bridot | Hybrid gadolinium oxide nanoparticles: Multimodal contrast agents for in vivo imaging[END_REF] • Development of nanoparticles with isotopes for nuclear imaging: gold NPs covered with biocompatible layer and immobilization of radioelements (99mTc, 111In) were developed in the group of S. Roux in the perspectives to combine radiotherapy with nuclear imaging. This would improve image-guided therapies. [START_REF] Alric | The biodistribution of gold nanoparticles designed for renal clearance[END_REF] Another important property that will be described in this work is the capacity of nanoparticles composed of high-Z elements to induce high electron emission when activated by radiations.

Chapter 

Chapter II. MATERIALS AND METHODS

In this chapter, the materials and methods used in the thesis are described. The first part is focused on the preparation and the description of the radiosensitizing agents. In the second part, the methods for the preparation and the analysis of bacteria are exposed. The chapter ends with the description of the plasmid preparation and the analysis tools used.

Nanoparticles and platinum salts

This thesis is focused on the action of nanoparticles composed of platinum (Z=78), gadolinium (Z=64) and gold (Z=79) nanoparticles. For comparison, the effect of a noncytotoxic and soluble salt, Platinum-ChloroTerpyridine (PtTC), was also investigated. [START_REF] Belloni | Radiation-induced synthesis of mono-and multi-metallic clusters and nanocolloids[END_REF] .

This compound has already been the subject of several studies under X-ray radiation [9] [10, 100, 101] and fast ion beams [START_REF] Usami | Fast He2+ ion irradiation of DNA loaded with platinum-containing molecules[END_REF]102] . In this work, the PtTC was used as a benchmark to validate the experimental procedures.

The scope of this work was not the development of the compounds. The protocol of platinum nanoparticles (PtNPs) was previously developed by E. Porcel, PhD in the group, in collaboration with H. Remita (Laboratoire de Chimie-Physique, Université Paris-Sud, Orsay, France). [START_REF] Erika | Utilisation des nanoparticules pour améliorer les performances de la hadronthérapie[END_REF] The gadolinium based nanoparticles (GdBNs) were synthesized in the group of O.Tillement (Laboratoire de Physico-Chimie des Matériaux Luminescents, Université Claude Bernard Lyon 1, France) and the gold nanoparticles (AuNPs) were delivered by S. Roux (Institut UTINAM, Université de Franche-Comté France). In this first section, the major properties of these compounds are described.

Platinum-ChloroTerpyridine (PtTC)

PtTC is a platinum-containing molecule, such as other platinum salts commonly used in cancer therapy, cis-platin, oxaliplatin or carboplatin. It is composed of 2,2':6',2'-terpyridineplatinum (II) and chlore substitution (Figure 33). doesn't bind covalently to DNA. [START_REF] Jennette | Metallointercalation reagents. 2hydroxyethanethiolato(2,2',2'-terpyridine)-platinum(II) monocation binds strongly to DNA by intercalation[END_REF] In eukaryotic cells it doesn't pass the nuclear membrane and stays in the cytoplasm. [START_REF] Usami | Mammalian cells loaded with platinum-containing molecules are sensitized to fast atomic ions[END_REF] In addition, its low cytotoxic allows studies in living cells. For these reasons, PtTC has long been used in the group of Institut des Sciences Moléculaires d'Orsay (ISMO-UMR 8214) to study the physical processes induced by high-Z atoms in plasmids and living cells. [START_REF] Usami | Fast He2+ ion irradiation of DNA loaded with platinum-containing molecules[END_REF][START_REF] Shuryak | A model of interactions between radiation-induced oxidative stress, protein and DNA damage in Deinococcus radiodurans[END_REF][START_REF] Culotta | Manganese complexes: diverse metabolic routes to oxidative stress resistance in prokaryotes and yeast[END_REF][START_REF] Sharma | Responses of Mn2+ speciation in Deinococcus radiodurans and Escherichia coli to gamma-radiation by advanced paramagnetic resonance methods[END_REF] The PtTC powder was obtained from FLUKA (Sigma Aldrich) and used without any further purification.

The concentrations of PtTC solutions can be determined by absorption spectroscopy. The characteristic spectrum of PtTC is presented in (Figure 34) The absorption spectroscopy is used to determine the PtTC concentration in solutions. the platinum concentration of the solution is monitored by measuring the optical density at the absorption peak at 278nm. The concentration (c) is given by the Beer-Lambert law (Equation 25): Equation 25In which,

A: Absorbance (dimensionless) ε: molar absorption coefficient (L mol -1 cm -1 ) b: path length (cm) c: concentration of the compound (PtTC) in solution (mol L -1 )
The molar absorption coefficient for PtTC at λ = 278 nm is 25100 L mol -1 cm -1 .

Nanoparticles

The characteristics and properties of platinum nanoparticles (PtNPs), gadolinium based nanoparticles (GdBNs) and gold nanoparticles (AuNPs) are described in this section.

Platinum nanoparticles -PtNPs

The synthesis of platinum nanoparticles was carried out by radiolysis. This method offers the advantage to minimize the use of chemicals to induce the reduction of the metallic ions (Pt 2+ ).

This solvent is not cytotoxic.

Briefly, aqueous solutions of tetra-ammine Platinum (II) Chloride (

Cl NH Pt 2 . ) ( 4 3

II

) (Sigma-Aldrich) were prepared with concentrations of 5x10 -4 and 10 -3 mol L -1 for the experiment at molecular level and cellular level respectively. In order to stabilize the nanoparticles, polyacrylic acid (PAA) was added in the solutions as a capping polymer at a final concentration of 0.1 mol L -1 . The solutions were de-aerated by nitrogen bubbling for 15 min to remove solvated oxygen.

The radiolysis is an efficient method to reduce metal ions and form mono-and bimetallic nanoparticles. [START_REF] Remita | Bimetallic Ag-Pt and Au-Pt aggregates synthesized by radiolysis[END_REF] In this work, platinum aqueous solutions were exposed to [START_REF] Albanese | Modulation of intercellular communication mediated at the cell surface and on extracellular, plasma membrane-derived vesicles by ionizing radiation[END_REF] Co γ rays. The radiolytic reduction mechanism is well known. [START_REF] Treguer | Dose rate effects on radiolytic synthesis of Gold-Sliver Bimetallic Clusters in solution[END_REF] Different steps are involved in this procedure. The water irradiation by γ-rays leads to the production of reductant and oxidative species (Equation 26).

c b = A ε 2 2 3 2 , , , , O H OH H O H e O H aq • • + - ⎯→ ⎯ γ
Equation 26

Solvated electrons (e aq ) and H • radicals reduce efficiently the metal ions M m+ . In this study, Pt+ or Pt 2+ was reduced to metallic atoms Pt 0 (Equation 27and Equation 28).

+ - + - → + ) 1 (m m aq M M e Equation 27 0 M M e aq → + + - Equation 28
The coalescence of the neutral atoms leads to the production of metal aggregates (Equation 29), the core of the nanoparticles. [START_REF] Teranishi | Shape Control of Pt Nanoparticles[END_REF][START_REF] Doudna | Radiolytic synthesis of bimetallic Ag-Pt Nanoparticles with high aspect ratio[END_REF] Equation 29

The presence of polyacrylic acid is used to stop the aggregation and stabilize the nanoparticles (Figure 35). [START_REF] Xu | g-Radiation synthesis of poly(acrylic acid) -metal nanocomposites[END_REF] 4 ] 2+ . [START_REF] Nguyen | The synthesis and characterization of platinum nanoparticles: a method of controlling the size and morphology[END_REF] At the end of the irradiation procedure, the peak at 530 nm disappeared, which indicates a complete reduction of platinum ions. The broad tail observed in the visible region is the characteristic of the formation of PtNPs. [START_REF] Teranishi | Shape control of Pt nanoparticles[END_REF] Typically 7 kGy are needed to reduce 10 -3 mol L -1 Pt II . [START_REF] Treguer | Dose rate effects on radiolytic synthesis of Gold-Sliver Bimetallic Clusters in solution[END_REF] This radiation dose is sufficient to sterilize the solution. The solution can be directly added to the cell medium without filtration and without loss of material. A brownish colored colloidal solution is obtained, as shown in ultrathin film which serves as a support for supporting the fragile and dispersed nanoparticles, which is the case of the nanoparticles in solution. The solvent was absorbed with a blotting paper and the grid was dried with nitrogen blow. At the end, the nanoparticles were present only at the surface of the grid. The image of PtNPs obtained after synthesis is shown below (Figure 38).

Figure 38: TEM image of PtNPs

This measurement shows that homogeneous PtNPs were obtained: spherical, with average diameter of 3 nm. The measurement of the electron diffraction pattern confirmed the crystalline nature of the solid formed. A second TEM analysis performed ten days after the synthesis shows that the nanoparticles remain stable (same shape and size) for several days, when stored in the dark.

The average number of platinum atoms in a nanoparticle of 3 nm in diameter (radius (R) = 1.5 nm) can be estimated following the calculations.

i.

The volume of PtNPs (V PtNP ) is:

ii. The radius of a platinum atom (r) is 0.13873 nm, thus the volume of a platinum atom (V Pt-atom ) is:

iii. The maximum number of platinum atoms (N Pt-atom ) in a nanoparticle is: The synthesis is a two steps protocol. Gadolinium oxide cores were first prepared by dissolving salts of gadolinium in DEG. Sodium hydroxide (NaOH), also diluted in DEG was added to the solution of gadolinium salts. Gadolinium oxide colloid cores were formed as flows (Equation 30). Equation 30This solution can be stored for several weeks at room temperature.

In a second step, the gadolinium oxide cores were coated with polysiloxane. The silane precursor was added to the solution containing gadolinium oxide (APTES, TEOS) and was polymerized by the addition of a catalyst (TEA in DEG). This coating with the polysiloxane

O 3H + O Gd 2Gd(OH) 2 3 2
was used to protect the Gd 2 O 3 core. To improve the biocompatibility of nanoparticles, the DTPADA dissolved in anhydrous DMF was added. The nanoparticles dissolved in DEG were transferred in acetone and centrifuged. The supernatant (DEG and acetone) was thus removed and the particles were dispersed in pure water.

TEM was used to determine the size and morphology of GdBNs. The obtained GdBNs has an average size 3 nm, with a gadolinium oxide core of around 1.1 nm (Figure 39). [START_REF] Bridot | Hybrid gadolinium oxide nanoparticles combining imaging and therapy[END_REF] Figure 39: TEM image of GdBNs

The structure and composition of GdBNs corresponds to the scheme below (Figure 40): The GdBNs consist of gadolinium oxide cores (Gd 2 O 3 ) coated with a polysiloxane shell. Each GdBNs is composed of about 10 gadolinium atoms, 15 oxygen atoms, 70 silicon atoms and 20 DTPA. GdBNs are water-soluble and biocompatible. The nanoparticles were lyophilized and stored at 4 °C. For use, the powder was resuspended in pure water. [START_REF] Mowat | In Vitro Radiosensitizing Effects of Ultrasmall Gadolinium Based Particles on Tumour Cells[END_REF] 

Gold nanoparticles (AuNPs)

Gold is a transition metal with atomic number 79. It is one of the least reactive solid compounds under standard conditions. AuNPs used in this work are composed of a gold core coated with DTDTPA (dithiolated polyaminocarboxylate). The nanoparticles were provided by Prof. Stéphane Roux, Institut UTINAM of Université de Franche-Comté. These nanoparticles are known for their radiosensitizing properties and for their low toxicity in mammalian cells. [START_REF] Roux | Gold nanoparticles for medical imagery and therapy[END_REF] The synthesis of AuNPs is described elsewhere. [START_REF] Alric | The biodistribution of gold nanoparticles designed for renal clearance[END_REF] Briefly, AuNPs were synthesized by reducing a gold salt (HAuCl 4 •3H 2 O) with NaBH 4 in a mixture of methanol and water in the presence of DTDTPA (Figure 41). DTDTPA was added to the HAuCl 4 •3H 2 O salt solution while continuously stirring the mixture. Then NaBH 4 was added to the mixture. The solvent was removed under reduced pressure at a maximum temperature of 40 °C. The precipitate was filtered using a polymer membrane and washed thoroughly and successively with HCl, water, and diethyl ether. The resulting black powder was lyophilized and stored at 4°C as a solid. [START_REF] Alric | The biodistribution of gold nanoparticles designed for renal clearance[END_REF] 

Figure 41: Synthesis of AuNPs

The characterization of AuNPs was performed in the group of Prof. Stephane Roux. [START_REF] Alric | The biodistribution of gold nanoparticles designed for renal clearance[END_REF] These nanoparticles were stable in a large pH range (between 2 and 14) up to a gold concentration of 100 mM (i.e. 20 g Au.L -1 ). The total size of the nanoparticle is around 6.6 nm with a gold core of 2.4 nm.

Experiments with bacteria

In this study, two organisms -Deinococcus radiodurans (D. radiodurans) and Escherichia coli (E.coli) were considered to probe the action of nanoparticles in bacteria. D. radiodurans, a gram-positive bacterium is one of the most radioresistant organisms on the earth. This organism exhibits an extraordinary ability to reconstruct a functional genome from hundreds of radiation-induced chromosomal fragments, whereas the genomes of most organisms are irreversibly shattered under the same conditions. A combination of physiological tools that are tightly coordinated and an efficient protection of proteins against oxidation contribute to the radiation resistance of the bacterium enabling survival from stresses. [START_REF] Confalonieri | Bacterial and archaeal resistance to ionizing radiation, Cost Chemistry Cm0603-Melusyn Joint Meeting: Damages Induced in Biomolecules by Low and High Energy Radiations[END_REF][START_REF] Blasius | Deinococcus radiodurans: what belongs to the survival kit?[END_REF] E.coli, a gramnegative enterobacterium was used as a model of radiosensitive organism for comparison with D. radiodurans.

2.1

Preculture of bacteria D. radiodurans, strain type R1 [START_REF] White | Genome sequence of the radioresistant bacterium Deinococcus radiodurans R1[END_REF] from frozen stock (-80 °C) was inoculated onto solid TGY agar plates (0.5 % Bacto Tryptone (Difco), 0. These methods of preparation were used throughout this study unless otherwise stated.

Bacteria growth inferred from optical density readings at 600 nm (OD 600 ).

Toxicity evaluation

The toxicity studies of NPs were performed to characterize the biological impact of NPs on the two bacteria. It was used to determine the low toxicity conditions (concentrations and incubation time) for the studies of radiosensitization and cell uptake. Two complementary methods were used in this work to evaluate the toxicity of nanoparticles: the clonogenic cell survival assay and cell growth measurement.

Clonogenic cell survival assay

The clonogenic cell survival assay determines the ability of a cell to proliferate indefinitely, thereby retaining its reproductive ability to form a colony or a clone. This cell is then said to be clonogenic. This method was used in this study to determine the toxicity of nanoparticles on bacteria. It involves three major steps, first bacteria were incubated with different concentrations NPs at certain incubation time, then the bacteria cells were plated in Petri dishes and the surviving cells can proliferate, finally, the colonies formed by the survivors were counted. These steps are described in details below.

Sample preparation a) Effect of PtNPs on bacteria

The toxicity of the PtNPs was evaluated by measuring the survival of the bacteria incubated with different NPs concentrations for two incubation times: 3 hours or 12 hours. Several volumes (0, 1.5 µl, 2.5 µl, 5 µl and 10 µl) of PtNPs (10 -3 mol L -1 ) were added to a fresh 100 µl exponential growing phase bacterial culture (OD 600 ~0.3). These conditions correspond to a number of NPs per cell, which is calculated as follows: for 2.5 µl of PtNPs (10 -3 mol L -1 ) added in 100 µl of bacteria culture, the number of NPs (N PtNP ) is (Equation 31): Equation 31The number of bacteria (𝑁 !"## ) at OD 600 =0.3 is approximately 10 6 cells in 100 µl. Thus the number of NPs per cell (R) is given by (Equation 32): Thus the addition of 2.5 µl of PtNPs (10 -3 mol L -1 ) in 100 µl of bacteria culture corresponds to 1.5x10 [START_REF] Corde | Synchrotron photoactivation of cisplatin elicits an extra number of DNA breaks that stimulate RAD51-mediated repair pathways[END_REF] NPs per cell. The different number of NPs per cell (R) used in this work is summarized in Table 2. The concentration of NPs in mg.L -1 is also reported in the same table. 

× = × × × × = - - - mol L mol L N PtNPs

b) Effect of GdBNs nanoparticles on bacteria

The toxicity of gadolinium nanoparticles on the studied bacteria was evaluated as the function of the concentration of GdBNs per cell ratio as well as the incubation time. Two different incubation times were compared, 3 hours and 12 hours.

Several volumes (0, 10 µl, 20 µl and 40 µl) of 10 -3 mol L -1 of GdBNs were added to 100 µl of bacteria (OD 600 ~0.3). The corresponding nanoparticles concentrations in the bacteria medium are summarized in Table 3. These concentrations were calculated as described before for PtNPs. For GdBNs it must be taken into account that GdBNs contain around 10 Gd atoms per NPs. For 10 µl of GdBNs (10 -3 mol L -1 ) added to 100 µl of bacteria culture (OD 600 = 0.3), the number of NPs per cell (R) is calculated as follows (Equation 33 

× = × × × × = - - - -

Equation 33

With 𝑁 !"## = 10 ! (OD 600 =0.3) 3. 

Sample analysis

Samples prepared as discussed above were treated by serial dilutions in order to count colonies on the agar plates. This process is shown schematically in Figure 42. 

Data treatment

The toxicity was evaluated by the quantification of survival (S CFU ). It is defined as the colony forming units of bacteria (CFU treated ) treated with nanoparticles divided by the colony forming units of untreated bacteria (CFU control ):

control treated CFU CFU CFU S = Equation 35
The experiments were repeated at least three times for each condition. The results were analyzed using Origin 8.5 (OrginLab ® ).

Bacteria Growth curve measurement

The tests of toxicity were complemented by the evaluation of nanoparticles on the bacteria growth, which was monitored by measuring the optical density (OD 600 ) of bacteria cultures at different time points.

Sample preparation a) Effect of PtNPs on the bacteria cell growth

In the case of D. radiodurans, 0, 750 µl, and 5 ml of PtNPs (10 -3 mol L -1 ) were added to 50 ml of bacteria culture (OD 600 ~0.3), which correspond respectively to 0, 9x10 5 and 6x10 [START_REF] Corde | Synchrotron photoactivation of cisplatin elicits an extra number of DNA breaks that stimulate RAD51-mediated repair pathways[END_REF] NPs per cell respectively. The cell growth of D. radiodurans in PAA was also measured as a control experiment. For this purpose, 5 ml of PAA (0.1 mol L -1 ) was added to 50 ml of D.

radiodurans culture (OD 600 ~0.3). As the strong acidity of PAA, the final pH of PAA-bacteria mixture was around 4.5. To disentangle the effect of PAA from pH effect, in some experiment, NaOH was used to adjust the pH of the medium to around 7. The amount of PAA in these measurements was the same as in the condition of 6x10 [START_REF] Corde | Synchrotron photoactivation of cisplatin elicits an extra number of DNA breaks that stimulate RAD51-mediated repair pathways[END_REF] NPs per cell and thus the result could be compared.

In the case of E.coli, 0 and 1.5 ml of PtNPs (10 -3 mol L -1 ) were added to 50 ml of bacteria culture (OD 600 ~0.3), which correspond respectively to 0 and 2x10 [START_REF] Corde | Synchrotron photoactivation of cisplatin elicits an extra number of DNA breaks that stimulate RAD51-mediated repair pathways[END_REF] NPs per cell.

b) Effect of GdBNs on the bacteria cell growth

Cell growth measurements were performed for two GdBNs concentrations including the control for D. radiodurans and E.coli. The samples for this measurement were prepared as follows, 0 and 5 ml of GdBNs (10 -3 mol L -1 ) were added to 50 ml of D. radiodurans culture (OD 600 ~0.3) for a final concentration of 0 and 2.7x10 [START_REF] Biston | Cure of fisher rats bearing radioresistant F98 glioma treated with cis-platinum and irradiated with monochromatic synchrotron X-rays[END_REF] GdBNs per cell respectively. 0 and 4.5 ml of GdBNs (10 -3 mol L -1 ) were added to 50 ml of E.coli culture (OD 600 ~0.3) for a final concentration of 0 and 2.5x10 [START_REF] Biston | Cure of fisher rats bearing radioresistant F98 glioma treated with cis-platinum and irradiated with monochromatic synchrotron X-rays[END_REF] GdBNs per cell respectively.

Sample analysis

Bacteria cell growth was then evaluated by measuring the optical density of the bacteria culture at 600 nm (OD 600 ) using the Spectrophotometer. The Spectrophotometer measures the turbidity or Optical density which is the measure of the amount of light absorbed by a bacterial suspension. The degree of turbidity in the broth culture is directly related to the number of microorganism present, either viable or dead cells.

Data treatment

The dynamics of the bacterial growth was studied by plotting the optical density versus the time in hour. The curve thus obtained is known as the bacteria growth curve. The generation time of bacteria, which is the time interval required for the cells (or population) to divide, was calculated using the Equation 36 Equation 36In which, G: the generation time (h) N 0 : number of bacteria at the beginning of a time interval N t : number of bacteria at the end of a time interval t: time interval (h)

Localization of nanoparticles

t N N t G 0 log 3 . 3 =
The localization of the nanoparticles was performed by using two complementary imaging approaches: the Synchrotron Deep-UV Fluorescence microscopy and the high angle annular dark field scanning transmission electron microscopy (HAADF-STEM). The first technique allows characterization of the uptake of label free nanoparticles in bacteria in their living state.

In this case, few hundred of cells can be analyzed. The spatial resolution of this microscope is close to 150 nm. HAADF-STEM is used to improve the resolution of the images (2 nm) and to observe the localization of the nanoparticles into the cells. In this case, the cells are fixed and thinly sliced for the measurements. All the microscopy experiments were performed in the low toxicity conditions determined before, considering the NPs concentration and incubation time.

HAADF-STEM

The high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) is based on the detection of electrons that cross the sample and are scattered at large angles. This technique is used to observe the electrons that are scattered by heavy elements (i.e. PtNPs, GdBNs and AuNPs) exclusively. In metal free biological samples, the electrons scattered forward are not detected.

Principles of HAADF-STEM

The HAADF-STEM was invented in the 1930s along with the transmission electron microscope (TEM) and offers imaging modes and enhanced microanalysis capabilities not available with a TEM.

In HAADF-STEM, an electron beam focused to get a nanometer or sub-nanometer probe is used to scan the sample. The electrons are generated by a filament, and are accelerated by a potential difference between the filament and an anode (200 kV in our case). The electron beam is then focused on the sample by magnetic lenses. Because the electrons can interact with atoms in the air, this system requires a vacuum of about 10 -7 mbar. Therefore, the specimens must be prepared to be compatible with the vacuum (see the sample preparation below). When the electron beam interacts with the sample atoms, individual incident electrons can undergo two types of scattering, elastic and inelastic. As the interaction volume is very small, the sample must be very thin (thickness of 150 nm in this experiment).

In the HAADF detector, the electrons scattered elastically by the nuclei of the sample atoms are collected (Figure 43). This is achieved by setting the inner angle of the detector to a large value (approximately 30 milliradians), so that no Bragg diffracted electrons are collected.

Figure 43: The High Angle Annular Dark Field (HAADF) detectors, the electrons scattered elastically are collected [121] This technique allows getting a best signal to noise ratio for the detection of heavy compounds (i.e. gadolinium, platinum and gold atoms) within the low atomic number matrices as well as to obtain a good spatial resolution. The contrast is dependent on the atomic number of the components (Z contrast imaging) and the pixels intensity is proportional to Z 2 .

HAADF-STEM imaging is capable of providing simultaneous structural and chemical information. [START_REF] Nellist | Electron ptychography. I. Experimental demonstration beyond the conventional resolution limits[END_REF] This technique is used to observe the electrons that are scattered by heavy elements (i.e. PtNPs, GdBNs and AuNPs) exclusively. In metal free biological samples, the electrons scattered forward are not detected.

Sample preparation for HAADF-STEM and TEM microscopy

Because HAADF-STEM is based on the detection of transmitted electrons, a specific sample preparation was required. Indeed, the final samples, which are subjected to vacuum, must be strong enough to avoid damage by the electron beam.

The preparation consists of several steps: i) Bacteria incubation and chemical fixation; ii)

Rinsing and dehydration; iii) Embedding and iv) Slicing. Because these steps, optimized 

b) Rinsing and dehydration

To remove the excess of fixative agent, samples were rinsed consecutively three times with a phosphate buffer (pH=7.4) and two times with ultra pure water. The samples were centrifuged for 3 min at 1500 g during each rinsing. At the end, the precipitants were embedded in 2 % low melting point agarose gel (Sigma, A-9414).

The dehydration process of the sample was first performed in baths of a graded series of pure ethanol and then in baths of ethanol (absolute anhydrous ethanol, Carlo Erba, 4146072) mixed with N-(2-Hydroxypropyl) methacrylamide (HPMA, EMS, 16900).

The samples were consecutively dehydrated on a rotating agitator (2 r.p.m.), as summarized in Table 5. This process allowed the water in the samples to be slowly exchanged through liquids. The dehydrated samples were then incubated in resin EPON/HPMA mixed baths and EPON pure baths (low viscosity premix kit medium, Agar, R1165) on a rotating agitator, as summarized in Table 6. 

N°

N°

Table 6: Embedding baths of the samples

The samples finally embedded in EPON resin were placed in molds. The blocks were transferred from the processing bottles to molds using a cocktail stick. The resin blocks were polymerized at 60 °C for 24 hours.

d) Slicing

Ultrathin sections were sliced using a diamond knife (DiATOME) installed on an ultramicrotome (Figure 44, Leica EM UC6). The excess of resin was removed using a razor blade. The samples areas were selected and cut to form a trapezium shape. The excess resin around the trapezium shape was removed using a glass knife. Ultrathin sections of 150 nm were cut from the trapezium shape and collected. Slices were deposited on carbon-formvar copper grids (Agar scientific) for observation under electron microscope. The resolution of few nanometers allows the observation of NPs in the cells. Ten images were registered for each condition.

Image analysis

Statistical analysis of internalized particles were performed in free access Image J software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2011) by computing the Feret's diameter (maximum caliper) after ramp effect correction using a rolling-ball filter (50 px radius) and segmentation by manual threshold of pixel intensity.

Synchrotron Deep-UV (DUV) Fluorescence Microscopy

In this study, the intrinsic fluorescence of nanoparticles was detected. DUV fluorescence microscopy was performed on the DISCO (Dichroism, Imaging and mass Spectrometry for Chemistry and biOlogy) beamline at the synchrotron SOLEIL (Saint-Aubin, France) (Figure 46). The photon source is the 180-600 nm wavelength part of a bending magnet emission.

Excitation is monochromatized and then sent to the sample. This beamline covers the energy from near infrared to deep UV range. , have a much better potential for imaging and microspectroscopies, thanks to the high beam stability and higher brilliance. [START_REF] Jamme | Synchrotron UV Fluorescence Microscopy Uncovers New Probes in Cells and Tissues[END_REF] DUV microscopy was used to track the label-free NPs in living bacteria. In other studies, confocal microscopy was used to study the location of nanoparticles in living cells. [START_REF] Arsov | Fluorescence microspectroscopy as a tool to study mechanism of nanoparticles delivery into living cancer cells[END_REF] In most of the cases, this technique whose optical window ranges from 350 to 800 nm, requires nanoparticles labeled with fluorescent markers as i.e. Rhodamine, Cyanine-5, or BoDIPYs. [START_REF] Hötzer | Fluorescence in Nanobiotechnology: Sophisticated Fluorophores for Novel Applications[END_REF] The addition of molecules at the surface of the nanoparticles may influence their internalization and localization in the cells. The use of fluorescent markers is thus a strong limitation of the confocal microscopy. DUV fluorescence microscopy is an elegant alternative, which offers new perspectives in living cell microscopy. This technique was already used to follow the intake of antibiotics in resistant bacteria-E.aerogenes. [START_REF] Kascakova | Antibiotic Transport in Resistant Bacteria: Synchrotron UV Fluorescence Microscopy to Determine Antibiotic Accumulation with Single Cell Resolution[END_REF] Coupled to a synchrotron beamline, its specific excitation window goes down to 190 nm and allows detecting the natural luminescence of nanoparticles that absorb in the Deep-UV spectral range The schematic setup of the DUV fluorescence microscope is presented in Figure 47.

Figure 47: Scheme of the DUV fluorescence microscope setup [START_REF] Jamme | Synchrotron UV Fluorescence Microscopy Uncovers New Probes in Cells and Tissues[END_REF] Briefly, the synchrotron radiation (SR white beam) is monochromatized. The excitation light is focused through a microscope objective onto the sample and the emission is collected through a pinhole before projection of the spectrally dispersed light onto a CCD camera. [START_REF] Jamme | Synchrotron UV Fluorescence Microscopy Uncovers New Probes in Cells and Tissues[END_REF] 

Sample preparation for Synchrotron DUV fluorescence microscopy

The preparation of the samples for DUV fluorescence microscopy was an important task of my work.

For this purpose, bacteria were grown to their exponential-phase (OD 600 =0.3) in 150 ml Erlenmeyer flasks. 1.5 ml of this bacteria suspension was exposed to GdBNs (at 47 µmol L -1 and at 170 µmol L -1 ) or PtNPs (at 16 µmol L -1 ) for 3 hours or 12 hours (overnight). Bacteria cultures free of NPs were used as controls. 0.5 µl bacteria suspension was deposited on quartz coverslip. The sample was placed on a horizontal temperature-controlled plate (Figure 48).

The UV beam illuminated the sample from below, and the detector was used to record the fluorescence emitted by the sample. To probe the localization of PtNPs and GdBNs, 298 nm and 340 nm wavelengths were used to excite the samples respectively. The emission spectra were recorded with a 60 s acquisition time.

Image analysis

The image analysis was performed using the free access Image J software. The inhomogeneous illumination was corrected prior to the background subtraction. the subtraction method is described in details by S. Kascakova et al. [START_REF] Kascakova | Antibiotic Transport in Resistant Bacteria: Synchrotron UV Fluorescence Microscopy to Determine Antibiotic Accumulation with Single Cell Resolution[END_REF] The mean intensity coming from each bacterium was automatically calculated considering by its pixel area with Image J.

All the bacteria signals taken from an image were averaged. For each condition, three different localizations with minimum 30 bacteria each plan were analyzed and recorded, results were then averaged. Resulting fluorescences were analysed using Origin Pro 8.5

(Microcal Software Inc, Northampton, MA).

In order to extract the fluorescence images of GdBNs and PtNPs, the contribution of the autofluorescence of bacteria was measured with the nanoparticles-untreated bacteria. The contribution of this signal was then subtracted from the image of the nanoparticle-treated bacteria (e.g. bacteria incubated with GdBNs or PtNPs at different incubation times). The same contrast was chosen for all images for better visual comparison.

Bacteria irradiated by gamma rays

In this chapter, the different steps required to perform the study of radiosensitization effects induced by NPs in bacteria irradiated by γ-Rays, are described. It includes the samples preparation, the irradiation procedure, and the bacteria survival measurement by clonogenic assay, the chromosomal DNA repair analysis as well as the protein oxidation analysis.

Samples preparation

The day before irradiation, bacteria were cultured in a flask to an early exponential phase (OD 600 ~0.3) under agitation (see Chapter 2.1). 1.5 ml of the bacteria culture was transferred to tubes of 15 ml and mixed with NPs. The protocol of preparation is reported in The gamma irradiation was performed in a panoramic [START_REF] Albanese | Modulation of intercellular communication mediated at the cell surface and on extracellular, plasma membrane-derived vesicles by ionizing radiation[END_REF] Co source located at Université Paris-Sud (Orsay, France). Bacteria were kept on ice during the irradiation in order to cease the growth of bacteria. The dose rate of [START_REF] Albanese | Modulation of intercellular communication mediated at the cell surface and on extracellular, plasma membrane-derived vesicles by ionizing radiation[END_REF] Co source is inversely proportional to the square of the distance between the source and the location of the sample. The dose rate used in our experiments was 1.4 kGy h -1 or 7 kGy h -1 (the [START_REF] Albanese | Modulation of intercellular communication mediated at the cell surface and on extracellular, plasma membrane-derived vesicles by ionizing radiation[END_REF] Co source was renewed when we started AuNPs studies), which is the irradiation position closest to the source (maximum dose rate).

The LET of this radiation is 0.2 keV.µm -1 . The irradiation doses used were ranged from 0 to 8000 Gy for D. radiodurans and from 0 to 800 Gy for E.coli (Chapter II, Paragraph 2.1).

A summary of the irradiation procedure is schematically represented below (Figure 49.

Bacteria cultures loaded with NPs and controls were placed in 10 ml tubes and irradiated on ice. After each dose of irradiation, 100 µl aliquots were taken out from the bacteria cultures.

Non-irradiated samples (Dose=0) was kept out of the radiation source at 4°C, served as a control. The bacteria survivals (S CFU ) were calculated based on the counted colonies. It is defined as the colony forming units of irradiated bacteria divided by the colony forming units of nonirradiated bacteria.

Data treatment

Survival curves were plotted on a logarithmic scale as a function of the irradiation dose (on a linear scale).

A fitting procedure established by I.Shuryak and D.J.Brenner was used to simulate the dose response curves of D. radiodurans. [START_REF] Shuryak | A model of interactions between radiation-induced oxidative stress, protein and DNA damage in Deinococcus radiodurans[END_REF] The cell survival (S cfu ) as function of the dose (D) can be simulated with the two equations (Equation 37and Equation 38) shown below: These approximations show that at large D values (D >> 1), the behavior of the survival curve is governed by a single parameter, α. When the parameter α is determined, the other parameter δ can be determined unambiguously by the fitting procedure. The parameter β, independent of the irradiation is assumed to be a constant in all experiments performed here.

Kinetics of chromosomal DNA recovery after irradiation

The kinetics of DNA recovery was performed for irradiated D. radiodurans cells. It aimed at evaluating the capacity for the cells to repair the DNA double strand breaks (DSBs) induced
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by radiation. Numerous studies have been reported on DSBs induction and repair after ionizing radiation in D. radiodurans using Pulse-field gel electrophoresis (PFGE) technique [START_REF] Pasternak | Irradiation-Induced Deinococcus radiodurans Genome Fragmentation Triggers Transposition of a Single Resident Insertion Sequence[END_REF][START_REF] Kikuchi | Genomic organization of the radioresistant bacterium Deinococcus radiodurans: physical map and evidence for multiple replicons[END_REF][START_REF] Mattimore | Radioresistance of Deinococcus radiodurans: functions necessary to survive ionizing radiation are also necessary to survive prolonged desiccation[END_REF][START_REF] Grimsley | Analysis by pulsed-field gel electrophoresis of DNA double-strand breakage and repair in Deinococcus radiodurans and a radiosensitive mutant[END_REF][START_REF] Daly | In vivo damage and recA-dependent repair of plasmid and chromosomal DNA in the radiation-resistant bacterium Deinococcus radiodurans[END_REF] . In this study, PFGE was employed to assess the DNA damage of D. radiodurans at different recovery time points after cells exposure to γ-Rays. D. radiodurans loaded with PtNPs and GdBNs at the respective concentrations of 9x10 5 , 2.7x10 [START_REF] Biston | Cure of fisher rats bearing radioresistant F98 glioma treated with cis-platinum and irradiated with monochromatic synchrotron X-rays[END_REF] NPs per cell were compared to the control (free of NPs).

Cultures were concentrated 8-fold in TGY medium and then exposed (on ice) to γ-rays. The total irradiation dose was 4000 Gy, and the dose rate was 1.4 kGy h -1 . Controls were kept on ice outside the radiation source.

Several steps were involved in the procedures of PFGE. It includes the agarose plug preparation, the degradation of cell structures, the genome digestion by a restriction enzyme and the separation of the fragments by electrophoresis. These steps are discussed in details below.

DNA agarose plugs preparation and cell structures degradation

After irradiation at 4000 Gy, 500 µl of the irradiated cultures and controls were diluted in 50 ml fresh TGY, and incubated at 27 °C under agitation. At different recovery time (0, 1, 2, 3 and 4 h), aliquots of 10 ml were taken to prepare DNA plugs.

The aliquots were concentrated by centrifugation (5000 rpm, 10 min, 4°C) and washed by 500 µl of NaCl 0.9% to remove the outer membrane and make the cell wall susceptible to lysozyme action (Sigma). Cells were then concentrated by centrifugation (14000 rpm, 3 min, 4 °C) and resuspended in 100 µl of EDTA (0.125 M, pH 8.0). EDTA is a chelator of divalent cations (Mg + and Ca 2+ ) and thereby prevents DNA from cellular nucleases degradation.

Agarose 2% (Euromedex) was melted in 10 ml of sterilized water by heating, and cooled to 55 °C prior to mixing with the cell suspension. The cells were resuspended in the agarose solution by pipetting, and 100 µl of this mixture were added to individual wells of the mould to form agarose plugs.

The plugs containing the embedded cells were soaked overnight at 37°C in lysozyme 2 mg ml -1 and EDTA (0.05 M, pH 8.0). The lysozyme solution was removed by aspiration and replaced with a pronase E (Sigma) 1 mg ml -1 of EDTA (0.5 M, pH 9.5) and laurylsarcosine (Sigma) 1 % during 12h (overnight) at 45 °C. In this treatment, laurylsarcosine was used to better denaturate cellular proteins and membranes and thus to enhance the efficiency of degradation of proteins by Pronase E. The pronase E solution was removed by aspiration and plugs were washed five times in EDTA (1mM, pH=9.5), Tris-Hcl (10 mM, pH=7.5). These plugs were then ready for the process of digestion.

Restriction enzyme digestion

Before digestion by the restriction enzyme, the plugs were washed in 3 ml of sterilized water for 1 hour, and incubated in 150 µl of 1X restriction buffer (buffer 0 Fermentas) for 1 hour to equilibrate the plugs in this buffer. Then the buffer was removed and replaced by 100 µl of 1X restriction buffer containing 10 units of the restriction enzyme (Not I). The plugs were completely covered by the restriction enzyme solution and incubated during 12 hours (overnight) at 37 °C.

Pulsed-field gel electrophoresis

Chromosomal DNA fragments released by the treatment described above were deposited into 1% agarose gel in 0.5 X TBE (Euromedex). λ ladder (PFGE marker Biolabs), which is a size marker of DNA fragments, was deposited together into the same gel.

A pulsed-field gel electrophoresis system DrIII (Bio-Rad) was used to perform the migration of DNA. The migration was performed ( Figure 50) under the following conditions: migration in 0.5X TBE buffer, during 22 hours at 12 °C at a voltage gradient of 6 V cm -1 . A reorientation angle of 120 ° (-60 ° to +60 °) was applied by a ramping from 10 s to 60 s. After complete migration, the gel was stained with 1% ethidium bromide for 20 min under agitation and placed under Ultra Violet light (302 nm).

The fluorescence image was recorded with a Charge Coupled Device (CCD) camera to reveal DNA fragments.

Monitoring oxidative stress in proteins by western blot analysis

Proteins are one of the major targets of oxygen free radicals and other reactive species. The formation of protein carbonyl groups (aldehydes and ketones) on protein side chains is a common biochemical marker of the oxidative stress.

To investigate a putative oxidative stress of nanoparticles in D. radiodurans when irradiated by gamma rays, a western blot analysis was performed using a crude extract of proteins and their oxidization state was analyzed using an OxyBlot TM kit (Millipore) that provides a macroscopic methodology for detection and quantification of proteins modified oxygen free radicals and other reactive species.

D. radiodurans loaded with PtNPs and GdBNs at the respective concentrations of 9x10 5 , 2.7x10 8 NPs per cell were compared to the control (free of NPs). In this experiment, two irradiation doses were used: 4 kGy and 8 kGy. The different steps of analysis are described below.

Protein extraction

After irradiation, bacteria cultures and controls were harvested by centrifugation. The samples were then washed with 500 µl of 1X Saline-Sodium Citrate-SSC buffer (NaCl, Tris sodium citrate, 15 mM, pH=7.0) and centrifuged at 14000 rpm, 4°C for 3 min.

To prepare crude extracts of proteins, cell pellets were resuspended in 150 µl SSC 1X buffer mixed with 100 µl of small glass ball and 0.6 µL of Pefabloc 100 mM (protease inhibitor, Euromedex). Cell walls were damaged under vortex for 30 sec at room temperature. This process was repeated 5 times to extract the maximum of proteins. Samples were placed on ice for 1 min to dissipate heat induced by vortex between each vortex cycle. Then cells extracts were centrifuged at 14000 rpm for 5 min. The supernatants containing protein samples were collected and the protein concentration was determined by the Bradford assay method (BioRad). The samples were then diluted with SSC 1X buffer and divided into 50 µL aliquots in Eppendorf tubes for storage at -80 °C.

Detection of protein oxidation

The quantification of the yield of oxidized proteins was processed with several steps as described below.

Protein derivatization

The carbonyl groups of proteins were derivatized to 2,4-dinitrophenylhydrazone by reaction with 2,4-dinitrophenylhydrazine (DNPH). For each sample, one aliquot was submitted to the derivatization reaction, and another one serves as a negative control by substituting the derivatization reaction by a 1X negative-control solution. The procedure is summarized in 

Western blot

The derivatized protein samples were separated by polyacrylamide denaturing gel. This gel is composed of 10 % of separation gel and 5 % of stacking gel. The chemical compositions of the gels are summarized in Table 8.

Reagent Volume

Separation 20 µl of samples prepared as described above were deposited into the gel well. The electrophoresis was performed at 125 V for 90 min at room temperature (Figure 52). In order to make the proteins accessible to antibody detection, they were transferred from the gel onto a membrane of nitrocellulose (Western blot technique) at 150 V, 50 mA for 1h at room temperature using a Bio-Rad Mini-Gel Box Electrotransfer.

Figure 52: Schema of gel electrophoresis principle, red, yellow, and green dots represents proteins of different sizes separated by the gel following the direction of migration

The membranes were then treated by the following steps. First, membranes non-specific binding site of protein were blocked by milk. Then, membranes were incubated with a primary and secondary antibody successively for the specific binding of the oxidized protein.

Finally, membranes were treated with chemiluminescent reagents for detection. Those steps are described in detail below. The membranes were incubated for 1 h in 1X TBST at room temperature with slowly shaking with the HRP-congugated secondary antibody (horseradish peroxidase-antibody conjugate, goat antibody anti-rabbit IgG, TBST: antibody= 300:1) and washed five times (5min each time) with 20 ml of 1X TBST..

d) Protein detection:

The membranes were then treated with chemiluminescent reagents (Luminol and enhancer)

with an ECL kit (GE healthcare). The luminol is converted to a light-emiting form at a wavelength of 428 nm by the Antigen/primary Antibody/secondary antibody/peroxidase complex in an H 2 O 2 catalyzed oxidation reaction. The light is detected by short exposure to blue-light sensitive film (Hyperfilm, GE healthcare). Under the conditions recommended by the manufacturer, as little as 5 femtomoles of carbonyl residue can be detected.

Experiments with plasmids

Choice of the molecular probe

Plasmids were used as molecular probes to quantify the induction of simple and complex 

Sample preparation

The samples consisted of 5 µg of plasmid diluted in 123 µL of Tris EDTA (TE) buffer 1X (Table 10). TE is important to keep DNA in its native conformation in the presence of counter ions. It is a crucial aspect to take into account in such an experiment because ions such as chlorine anions modify strongly the effects of radiation and sensitization in biological systems.

In this work, the concentration of ions remaining in the samples after addition in DNA solutions are much lower than the concentrations of ions in the TE buffer of DNA, and should therefore not induce any artifact. Samples containing radiosensitizers (diluted in water) were completed with 24 µl of metal nanoparticles or metal salt (PtTC) at a final metal concentration of 5.64x10 -6 mol L -1 . The nanoparticles solutions were prepared following the procedures presented before in part 1. To avoid effect of water on the DNA conformation, the volume of radiosensitizers was lower than 20 % of the total volume. The same volume (24 µL) of pure water was added in the control (free of radiosensitizers) to keep the conditions constant.

The metal concentration used in these experiments was optimized in previous studies. [START_REF] Usami | Irradiation of DNA loaded with platinum containing molecules by fast atomic ions C(6+) and Fe(26+)[END_REF] In particular it was first established that the effect of PtTC is maximum when plasmids are loaded with a concentration corresponding to 1 Platinum atom per 15 phosphates groups (7-8 base pairs). [START_REF] Usami | Irradiation of DNA loaded with platinum containing molecules by fast atomic ions C(6+) and Fe(26+)[END_REF] In this condition, a negligible fraction of PtTC remains free in the solution and PtTC is bounded to DNA . [START_REF] Usami | Fast He 2+ ion irradiation of DNA loaded with platinum-containing molecules[END_REF] DiMethyl SulfOxide (DMSO) was added in some experiments (Table 10). This compound is a hydroxyl radicals scavenger. Therefore DMSO is commonly used in radiobiology to quantify the role of indirect effects in radiation-induced biological damage. It is added to a final concentration of 1 mol L -1 , which is sufficient to observe the inactivation of indirect effects.

DNA and platinum compounds were incubated for one hour. 18 µl of aliquots were taken from the initial solution (180 µl) before irradiation. Finally, the samples containing 500 ng were divided in two in order to perform the analysis twice.

For each radiosensitizer, a control and five samples were prepared to probe different irradiation doses.

An example of sample preparation is proposed below in the case of experiments with PtTC

and PtNPs. To investigate the effect of radicals, DMSO is added in some of the experiments (Table 10). 

DNA (µl

Irradiation of DNA samples

The gamma irradiation of DNA was performed in the same [START_REF] Albanese | Modulation of intercellular communication mediated at the cell surface and on extracellular, plasma membrane-derived vesicles by ionizing radiation[END_REF] Co source as used for bacteria irradiation and PtNPs synthesis. The DNA solutions were placed in Eppendorfs vessels.

Control samples were not subject to the gamma rays, the other samples were irradiated with increasing doses up to 700 Gy (time ~ 20 minutes). The tubes were placed close to the source, which is the maximum dose rate (1.4 kGy h -1 ), with the bottom of the tube directed to the source. Each tube contains the same volume (18 µl). The thickness of the irradiated samples was 1.5 mm, ensuring a constant dose deposition along the track through the sample. To ensure that the deposited dose is the same in each case, the positioning of the drop is checked at bottom of tube. Ten tubes can be irradiated simultaneously with the same dose.

Plasmid analysis by agarose gel electrophoresis

The irradiated samples and control were submitted to electrophoresis on a submarine agarose gel (1% agarose, buffer: Tris-HCl 40 mmol L -1 , Sodium Acetate 5mmol L -1 , EDTA 1 mmol L - 1 , pH 7.8) for 3 h at room temperature. After staining DNA with Ethidium bromide (1 mg ml - 1 ), the gel was placed under Ultra Violet light (302 nm) and the fluorescence image was recorded with a Charge Coupled Device (CCD) camera (Figure 54). No significant artifact in electrophoresis and staining with ethidium bromide were found due to the presence of nanoparticles or platinum salt. The image-analysis software Image Quant was used to perform the densitometry (see Figure 54) and determine the integrated fluorescence of the three bands corresponding to the three distinct plasmid forms. The supercoiled plasmids (S) bind 1.47 times less ethidium bromide than relaxed (R) and linear (L) conformations. The normalized fractions of supercoiled plasmids (S'), relaxed (R') and linear (L') forms were obtained and the normalized fractions of single (SSB per plasmid) and double strand breaks (DSB per plasmid) per plasmid were calculated according to the Equation 39-Equation 42: [START_REF] Spotheim-Maurizot | DNA radiolysis by fast neutrons[END_REF] Equation 39

With Equation 40Equation 41 Equation 42The final outcome is to plot the number of SSB and DSB per plasmid versus the dose. The addition of PtNPs did not damage the plasmids. The PtNPs synthesis was performed in collaboration with H. Remita (See Chapter Materials and Methods). They consist of a platinum core stabilized by PAA. They have a spherical shape with 3 nm in diameter and contain approximately to 1000 platinum atoms.

Toxicity of PtNPs

Effect of the NPs concentration and incubation time

The nanotoxicity measurements were performed with the aim to determine the concentration range of PtNPs which could be used to perform radiations effects. In this perspective, the toxicity of PtNPs was evaluated by measuring the ability of an early log growing phase culture (OD 600 = 0.3) of D. radiodurans to form colonies on plates (Colony Forming Units -CFU) and also by quantifying the effect of PtNPs on the bacteria growth.

The CFU ratios were evaluated for D. radiodurans incubated with PtNPs concentrations (Figure 55). The CFU ratio corresponds to the CFU of D. radiodurans incubated with PtNPs over the CFU of D. radiodurans free of nanoparticles (control). To characterize the influence of the incubation time on the nanotoxicity, the CFU were measured at 3 hours and 12 hours of incubation respectively. 

radiodurans cells incubated with different concentrations of PtNPs over CFU of D. radiodurans free of NPs (Control). Two incubation times were tested, respectively 3 hours (A) and 12 hours (B)

At both incubation times, the CFU ratio decreased when the concentration of PtNPs per cell increased. This decrease was slightly more pronounced at 12 h incubation. At a concentration of 3x10 [START_REF] Corde | Synchrotron photoactivation of cisplatin elicits an extra number of DNA breaks that stimulate RAD51-mediated repair pathways[END_REF] NPs per cell, the CFU ratio dropped down to 18 % after 12h incubation and only to 42 % after 3h. In the two cases, a clear toxicity threshold was observed at 1.5x10 6 PtNPs per cell. This corresponds to a minimal inhibition concentration (MIC, on metal basis-Pt) of PtNPs in D radiodurans of 4.8 mg L -1 in average. This value is calculated as following (Equation 43): This value is in the same range than the MIC value (7.1 mg L -1 ) reported for silver nanoparticles (AgNPs) in bacteria. [START_REF] Bondarenko | Toxicity of Ag, CuO and ZnO nanoparticles to selected environmentally relevant test organisms and mammalian cells in vitro: a critical review[END_REF] , but is lower than the MIC values of metallic oxides nanoparticles, such as CuO and ZnO NPs (MIC 200-500 mg L -1 ), [START_REF] Bondarenko | Toxicity of Ag, CuO and ZnO nanoparticles to selected environmentally relevant test organisms and mammalian cells in vitro: a critical review[END_REF] since the corresponding metal is a trace element present in the organisms that can be metabolized.

The tests of toxicity were complemented by an evaluation of PtNPs effects on bacteria growth.

For this purpose, we analyzed cell growth in liquid medium at three PtNPs concentrations or without nanoparticules (Figure 56). We observed that the addition of 6x10 [START_REF] Corde | Synchrotron photoactivation of cisplatin elicits an extra number of DNA breaks that stimulate RAD51-mediated repair pathways[END_REF] NPs per cell greatly impairs D. radiodurans cell growth. At this concentration, the doubling time increased from 144 to 455 min, whereas at a concentration of 9x10 [START_REF] Zimbrick | Studies on radiosensitization of Escherichia coli cells by cis-platinum complexes[END_REF] NPs per cell, the growth remained unaffected. The following studies aim to understand the mechanisms underlying the toxicity produced by these nanoparticles when used at high concentration.

Effect of the chemical functionalization

In this work, platinum nanoparticles were synthesized by radiolytic reduction containing a core material (platinum) and functionalized by polyacrylic acid (PAA). Thus we compared the toxicity of PAA with the original nanoparticles solution as a control experiment to understand the origin of D. radiodurans cells toxicity. The effects of PAA on cell growth was quantified by measuring the ability of an early log growing phase D. radiodurans culture (OD 600 = 0.3) to form colonies on plates after 12 hours of incubation. We also compared them with the impact of an incubation of PtNPs functionalized with same amount of PAA (Figure 57). The CFU ratios were evaluated for concentrations ranging from 0 to 6x10 6 PtNPs per cell. In this experiment, we showed that either PtNPs or PAA induce a notable decrease of CFU ratio of D. radiodurans. This effect is more pronounced with PtNPs than with PAA alone.

The tests of toxicity were complemented by the evaluation of PAA on bacteria growth parameters. D. radiodurans was grown in TGY medium alone (control) or in the culture medium complemented with PtNPs (6x10 6 NPs per cell) or PAA at the same concentration used to stabilize PtNPs. The growth of D. radiodurans under these different conditions was examined over 50 hours by measuring the optical density at 600 nm (Figure 58). 

radiodurans growth in TGY medium at 27°C under agitation and incubated with PtNPs at ratio of 6x10 6 NPs/cell (•), with PAA, (▲) and without PtNPs or PAA (■)

We observed that, there is already a notable decrease of cell growth in the presence of PAA. It demonstrates the toxicity of free PAA ligands in the culture medium which could partially explain the toxicity of PtNPs. It was shown that reactive surface molecules (e.g. PAA, PEG etc) give rise to oxidizing reactions because of the production reactive oxygen species (ROS) in the medium. [START_REF] Buzea | Nanomaterials and nanoparticles: Sources and toxicity[END_REF][START_REF] Wu | Magnetic Iron Oxide Nanoparticles: Synthesis and Surface Functionalization Strategies[END_REF] While, in this experiment, we are not able to distinguish the effect from free PAA molecular to the PAA binding to nanoparticles.

Effect of the chemical environment-pH

Another parameter that should be considered in this study is the pH variation induced by the addition of nanoparticles into the culture medium. Indeed, the pH of the initial PAA-coated PtNPs solution at the concentration of 10 -3 mol L -1 is close to 3.5, which is mainly due to the presence of the functionalization molecules PAA. Thus, the addition of PtNPs led to a significant decrease of pH in the growth medium. To ascertain the role of the pH, we evaluate The decrease of pH greatly impaired D. radiodurans cell growth when compared to an optimal pH = 7 culture medium. Even though bacteria exhibit various tolerances to pH change, it is known that dramatic pH variation can lead to a denaturation of cell structures such as membranes, DNA and proteins. [140] However, when the D. radiodurans growth curves incubated with PAA at different pH were compared, we should conclude that, apart from PAA molecules, the pH is one parameter of the PtNPs toxicity.

We can't rule out the possibility that, Pt core may induce unexpectable toxicity, as shown by the growth differences observed between D. radiodurans incubated with PtNPs and PAA. It has been reported by Wu et al. that, the smaller sizes PtNPs (~ 3 nm) would enter and interact easier with the bacterial cells than particles with larger sizes. This internalization process is favored by the porins on the bacterial cell membrane which are also small in the size of few nanometers. [START_REF] Gopal | Bacterial toxicity/compatibility of platinum nanospheres, nanocuboids and nanoflowers[END_REF] The internalized NPs would induce the intracellular oxidative stress, thus affect the cell growth and viability as observed in this work.

Based on these results, the following studies were performed with a maximum concentration of 9x10 [START_REF] Zimbrick | Studies on radiosensitization of Escherichia coli cells by cis-platinum complexes[END_REF] PtNPs per cell incubated for 12 h. In these conditions, the toxicity remained lower than 5 % and the ability of D. radiodurans to grow was not affected. This result showed that PtNPs exhibited a maximum of fluorescence emission at λ em =400 nm and a maximum of excitation at λ exc =290 nm. In bacteria, an autofluorescence was generated by natural fluorophores, mainly NADH, tyrosine, and tryptophan, which have maximum fluorescence intensities at different wavelengths. [START_REF] Wagnieres | In vivo fluorescence spectroscopy and imaging for oncological applications[END_REF] To get the best signal over autofluorescence ratio an excitation wavelength λ exc =298 nm. At this wavelength, a limited autofluorescence signal was observed which can be substrated by the image analysis.

The images of living D. radiodurans cells incubated 12 h with PtNPs at a concentration of 9x10 [START_REF] Zimbrick | Studies on radiosensitization of Escherichia coli cells by cis-platinum complexes[END_REF] NPs per cell and cell controls are presented in Figure 61:

• Image a and b correspond to the light transmission images of controls and D.

radiodurans loaded with PtNPs respectively.

• Image c and d show the fluorescence images of the control and of D. radiodurans cells loaded with PtNPs after subtraction of the autofluorescence (For substraction method, see the chapter Materials and Methods).

• Image e and f present the merge of transmission and fluorescence images. Once demonstrated that PtNPs were hosted by living bacteria, HAADF-STEM experiments were used to define with a higher resolution the location of PtNPs in fixed cells.

HAADF-STEM characterization of the localization of PtNPs

High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) can be used to provide the precise localization of PtNPs in bacteria at higher resolution (<10nm) by taking advantage of the high atomic number of Pt (Z=78) compared with the most common organic elements H, C, N, O, P, S (Z<16) [START_REF] Nellist | Introduction to Scanning Transmission Electron Microscopy[END_REF][START_REF] James | Practical aspects of atomic resolution imaging and analysis in STEM[END_REF] . Thus, HAADF-STEM images correspond to the electrons that crossed the sample and were scattered at angles depending on the Z-numbers of the atoms they interact with in the sample. Because the electrons are recorded by an annular detector placed at variable height, the collection angle can be chosen to produce a contrast between elements having different Z. This contrast is proportional to Z 2 being the pixel intensity of lighter elements close to 0, appearing grey in images, and the maximum pixel values, corresponding to the highest Z-elements, close to the maximum of the dynamics (bright white in images) [START_REF] Browning | The Application of Scanning Transmission Electron Microscopy (STEM) to the Study of Nanoscale Systems[END_REF] . Significant HAADF-STEM images of D. radiodurans 

radiodurans HAADF-STEM images. A) Overall view of control bacteria. Scale bar 1µm. B-G representative images of controls (B, C, D) and cells incubated with PtNPs (E, F, G). Scale bar 0.5 µm

The well-known cell morphology of D. radiodurans, with the presence of single and diploid cells [START_REF] Levin-Zaidman | Ringlike structure of the Deinococcus radiodurans genome: A key to radioresistance?[END_REF][START_REF] Slade | Oxidative Stress Resistance in Deinococcus radiodurans[END_REF][START_REF] Eltsov | Fine structure of the Deinococcus radiodurans nucleoid revealed by cryoelectron microscopy of vitreous sections[END_REF] is clearly observed in both control and PtNPs incubated samples. The thick cell wall of these gram + bacteria is visible and the cytoplasm present large electron-dense granules as expected (arrow point in Figure 63 A). These granules, found in 30 % of the control bacteria, are attributed to polyphosphate salts of Mn. [146] [135] Finally, the diffuse light gray regions (arrow head in Figure 63 A) can be associated with the nucleoid location. [START_REF] Levin-Zaidman | Ringlike structure of the Deinococcus radiodurans genome: A key to radioresistance?[END_REF] In D. radiodurans incubated with PtNPs (Figure 63 E-G), the presence of single and diploid cells suggest that PtNPs, at the concentration used here, do not perturb the cell development.

The cell shape appears similar to the control (Figure 63 B-D). Thus the membrane structure does not seem to be modified and the large electron-dense granules are present in a number of cells equivalent to control. A statistical counting performed over more than 150 cells shows that, as for controls, close to 30 % (±3 % p(confidence interval) =0.95) of the bacteria contains large electron dense granules which presence is not modified by the addition of PtNPs. Also, the absence of contrast differences in the cell wall between controls and bacteria incubated with PtNPs, suggests that nanoparticles are not associated with cell wall. In addition Kev µm -1 and a dose rate of 1.4 kGy h -1 . The effect of the nanoparticles on the D. radiodurans was quantified by performing clonogenic assay (see material and method, Chapter II). . The survival of D. radiodurans loaded with PtNPs and bacteria free of nanoparticles (controls)

were measured for radiation doses ranging from 0 to 8 kGy, 1 % of DMSO was added to some of experiments (see Figure 65). The survival is defined as the ratio of CFU of irradiated cells over the CFU of non irradiated cells. 

radiodurans free of nanoparticles (■), in the presence of PtNPs (•) irradiated by γ-rays or with PtNPs and DMSO (∆). D 37 corresponds to the dose for 37% colony forming units. The values of D 37 for the control and for D. radiodurans loaded with PtNPs are visualized in the graph by the two arrows on the X axis

The survival of the control remained constant for radiation doses up to 4 kGy, and then decreased with an exponential slope. At 8 kGy, the survival fraction was close to 37%. This variation of the survival curves is specific to D. radiodurans as shown in other studies. [START_REF] Mattingly | Repair of Irradiated Transforming Deoxyribonucleic Acid in Wild Type and a Radiation-Sensitive Mutant of Micrococcus radiodurans[END_REF][START_REF] Venkateswaran | Physiologic determinants of radiation resistance in Deinococcus radiodurans[END_REF] The high resistance to radiations is attributed to an efficient protection mechanism of proteins from the radiation induced oxidative stress. This mechanism is attributed by Daly and coworkers to the presence of high Mn/Fe ratio, which scavenges O 2 °-and H 2 O 2 produced by radiation [START_REF] Shuryak | Effects of radiation quality on interactions between oxidative stress, protein and DNA damage in Deinococcus radiodurans[END_REF] .

In the presence of PtNPs, the dose response curve followed the same trend than in the control for radiations up to 2 kGy. Above 2 kGy, the dose response curve decreased faster in the presence of NPs in bacteria. In particular, the radiation dose at which the CFU starts to decrease was lower with PtNPs (2 kGy) than in the control (4 kGy). Meanwhile, at 8 kGy, the CFU ratio reached 22 % with PtNPs while it remains close to 35 % in the control.

The efficiency of PtNPs to amplify the radiation effects was quantified by measuring the dose required to reach 37 % of cells survival (D 37 ). The value of D 37 was close to 8.0 kGy in the control. It was higher than the value found for bacteria loaded with PtNPs (6.7 kGy). This 16 % D 37 decrease confirms that PtNPs amplify the effects of radiations in D. radiodurans despite the radioresistance of this organism.

A fitting procedure established by I. Shuryak and D.J. Brenner was used to simulate the survival curves of D. radiodurans in the perspective to characterize the role of the DNA damage and the proteins oxidation in the cell death. [START_REF] Shuryak | A model of interactions between radiation-induced oxidative stress, protein and DNA damage in Deinococcus radiodurans[END_REF] (see Chapter II, paragraph 2.4.4)

The numerical determination of the three parameters α, β and δ is displayed in Table 11. 65 The fitting procedure must be subject to a careful analysis explained in Chapter II, paragraph 2.4.4.

Parameter

The parameter β, independent of the irradiation is assumed to be a constant. When the bacteria are loaded with PtNPs, the parameters α( PtNPs) =0.35±0.01 kGy -1 and δ( PtNPs) =0.45±0.04 kGy -1 increase compared to the control α( PtNPs) =0.29±0.01 kGy -1 , δ( PtNPs) =0.35 ±0.02 kGy -1 (see Table 11). These results indicate clearly that the enhancement of cell death in the presence of PtNPs is due to an increase of DNA damages (α) as well as in proteins repair inactivation (δ). The kinetics of D. radiodurans (control) DNA double-strand break repair after exposure to a 4 kGy γ-irradiation is very efficient. The genome is reassembled in three to four hours when cells were incubated post-irradiation in TGY medium for recovery. However, in the presence of PtNPs, the kinetics of D. radiodurans DSB repair follows the same behavior, no remarkable difference is observed.

Gamma ray induced oxidative protein damage

Protein carbonylation level of D. radiodurans cells, detected by using OxyBLOT TM assays (see material and method, Chapter II), was measured for D. radiodurans cells irradiated by gamma rays at increasing irradiation doses (0, 4 kGy and 8 kGy) in the presence or not of 9x10 [START_REF] Zimbrick | Studies on radiosensitization of Escherichia coli cells by cis-platinum complexes[END_REF] PtNPs per cell. The results are presented in Figure 67. We observed that the protein oxidation level is gradually increased with the irradiation dose from 0 to 8 kGy. However, no remarkable difference is observed between D. radiodurans cells controls and D. radiodurans cells loaded with PtNPs. It suggests that, the global pool of the D. radiodurans proteins is not more oxidized in the presence of PtNPs. However, we could not rule out the possibility that some of the proteins could be damaged by local nanosize reactive clusters induced by PtNPs.

Effect of GdBNs

GdBNs provided by O. Tillement are spherical shape (3 nm in diameters), composed of 10 Gd atoms per nanoparticle. They consist of gadolinium oxide cores (Gd 2 O 3 ) that were coated with a shell of polysiloxane and functionalized by DTPA (See chapter II: Materials and Methods)

In this part, the effects of these hybrid gadolinium oxide nanoparticles on D. radiodurans are presented. It includes the tests of toxicity, the GdBNs localization in the cells and the effects of radiosensitization.

Toxicity of GdBNs

As for PtNPs, we measured the ability of an early log growing phase culture (OD 600 = 0.3) of D. radiodurans to form colonies on plates (CFU) when incubated 3 h or 12 h with increasing concentrations of GdBNs ranging from 0 to 24x10 8 NPs per cell. The ratios of CFU formed by D. radiodurans incubated with different GdBNs concentrations, divided by the control without nanoparticles are presented in Figure 68.

The survival decreased when the concentration of GdBNs per cell increased. This decrease was more pronounced at 12 h incubation. At a concentration of 12x10 [START_REF] Biston | Cure of fisher rats bearing radioresistant F98 glioma treated with cis-platinum and irradiated with monochromatic synchrotron X-rays[END_REF] NPs per cell, the CFU ratio dropped down to 15.3 % after 3 hours and 6.5 % after 12 hours incubation . In both cases, a clear toxicity threshold was observed at 6x10 8 GdBNs per cell. This corresponds to a minimal inhibition concentration (MIC, on compound basis-Gd 2 O 3 ) of GdBNs in D radiodurans of 33.5 mg L -1 in average. This value is calculated as previously described for PtNPs.

a) 3h incubation with GdBNs 0,0 No remarkable difference of the cell growth was observed. Thus, at a concentration of 2.7x10 [START_REF] Biston | Cure of fisher rats bearing radioresistant F98 glioma treated with cis-platinum and irradiated with monochromatic synchrotron X-rays[END_REF] NPs per cell, the cell growth of D. radiodurans is not affected.

Based on these experiments, a maximum concentration of 2.7x10 8 GdBNs per cell, incubated during 12 hours was used to perform the studies reported after. Under these conditions, the toxicity remained lower than 5 %.

Localization of GdBNs

The bio-distribution of GdBNs in living organism has been extensively studied in the group of Olivier Tillement. They have shown the efficient internalization of GdBNs in head and neck squamous cell carcinoma cells, EL4-Luc cells, human glioblastoma cell line U87 and nude mouse. [START_REF] Bridot | Hybrid gadolinium oxide nanoparticles: Multimodal contrast agents for in vivo imaging[END_REF][START_REF] Bridot | Hybrid gadolinium oxide nanoparticles combining imaging and therapy[END_REF][START_REF] Rima | Internalization pathways into cancer cells of gadolinium-based radiosensitizing nanoparticles[END_REF][START_REF] Fizet | Multi-luminescent hybrid gadolinium oxide nanoparticles as potential cell labeling[END_REF] In this study, we investigated the uptake of GdBNs in D. radiodurans using the three techniques: Synchrotron Deep UV fluorescence microscopy (DUV), TEM and HAADF-STEM. This was measured for a GdBNs concentration of 2.7x10 8 GdBNs per cell, incubated during 12 hours.

Synchrotron DUV Fluorescence microscopy

DUV fluorescence microscopy was used to follow the addition of label free PtNPs in living D.

radiodurans, similar experiment was also performed with label free GdBNs. Prior to the microscopy measurements, the spectroscopic properties of GdBNs, the fluorescence excitation and the fluorescence emission of a 10 -3 mol L -1 GdBNs solution, were characterized.

The fluorescence emission was measured for an excitation at λ exc = 360 nm. The fluorescence excitation was measured for λ em = 440 nm. The spectra are presented in the Figure 70. This result shows that GdBNs exhibits a maximum of fluorescence emission at λ em =440 nm and a maximum of excitation at λ exc =360 nm. At the last wavelength, the two spectra are overlapped. Thus, the fluorescence of GdBNs was measured at λ exc = 340 nm.

The DUV fluorescence images of GdBNs in living D. radiodurans are presented in Figure 71. 

radiodurans incubated with GdBNs after subtraction of the autofluorescence contribution (the green dots correspond to the fluorescence signal of GdBNs. Figures e and f correspond to the merge images

The transmission images of the control and D. radiodurans loaded with GdBNs shows the bacteria in their living state, which confirms that they did not suffer from the sample preparation.

The fluorescence imaging leads to the observation of green dots only in the case of D.

radiodurans loaded with GdBNs (Figure 71 d). These dots correspond to the intrinsic fluorescence emission of GdBNs (after subtraction of the auto-fluorescence). The merge image shows that the green dots are co-localized with bacteria, which clearly demonstrates that GdBNs are hosted by living D. radiodurans. As observed in the case of PtNPs, it appears that not all the bacteria contain green dots.

The cell uptake of GdBNs at two different incubation times was characterized by the quantification of the fluorescence intensity. This was calculated by substraction of the background intensity from the total intensity of the cell. The intensity was quantified by Image J and averaged for more than 100 bacteria. The results are summarized in Figure 72. Therefore, once demonstrated that GdBNs are present in living bacteria, additional TEM and HAADF-STEM experiments were used to characterize with better resolution the localization of GdBNs in resin embedded bacteria.

HAADF-STEM characterization of the localization of GdBNs

Significant HAADF-STEM images of D. radiodurans cells incubated 12 hours with GdBNs and in cell controls (free of NPs) are shown in Figure 73. D. radiodurans was further tested with a concentration of 2.7x10 8 GdBNs per cell, which is lower than the toxic concentration limit. radiodurans loaded with PtNPs. Thus, a statistical analysis was performed over 50 images to quantify the intensity in different regions (cytoplasm, cell wall) of the cell and compare them with cells free of GdBNs. The results are summarized in Table 12. The analysis results show that, for control and D. radiodurans loaded with GdBNs, no significative difference is observed in total integrated intensity. However high brilliant integrated intensity detected by HAADF-STEM, was slightly higher in D. radiodurans loaded with GdBNs than in the control (free of NPs). The percentage of bacteria that display a signal "brilliant" was also calculated as being 85 ±5 % for the control and 94 ±3 % (P = 0.95) for D.
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radiodurans loaded with GdBNs. This is confirmed by a statistical analysis shown in Figure 74. The intensity analysis in the cytoplasm of D. radiodurans suggests that there is no significant difference between the control and D. radiodurans loaded with GdBNs. Most of GdBNs seem to be concentrated in the region of the cell wall rather than in the cytoplasm. This is possible if we take into account the ability of peptidoglycan to interact with metals [START_REF] Matthews | Contribution of peptidoglycan to the binding of metal ions by the cell wall ofBacillus subtilis[END_REF] . A consequence is that most of GdBNs are captured by the cell wall and do not enter into the cell. GdBNs do not form conglomerates but are concentrated in the cell wall giving a diffuse signal.
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Effect of GdBNs on γ rays induced cell death

The influence of GdBNs nanoparticles on the γ rays radiation effects on D. radiodurans was investigated at a concentration of 2.7x10 8 GdBNs per cell.

These effects were quantified by performing clonogenic assay (see Chapter Material and method). The survival of D. Radiodurans loaded with GdBNs and free of nanoparticles (controls) is presented in Figure 75. 
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radiodurans loaded with GdBNs are visualized in the graph by the two arrows on X axis

The dose response curve of the control was similar to the graph previously presented in the paragraph dedicated to the effects of PtNPs. The CFU ratio remained constant for radiation doses up to 4 kGy, and then decreased with an exponential slope. In this dose range, the curve with GdBNs followed the same trend than the control. Above 4 kGy, the CFU ratio decreased faster in the presence of GdBNs.

All the data were fitted with Eq.1 and Eq.2 described in the paragraph 1.1.3. The calculated parameters are presented in Table13. Table13: Parameters α, β and δ fitted from the CFU ratio curves of Figure 75 These simulations show that δ remains constant (0.43), while α increases by a factor of 1.3.
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The α parameter represents the DSB induction by radiation, the significant increase of this value suggests that the effect of GdBNs is preferentially due to the increase of DSB induction.

The amplification effect of GdBNs is quantified by comparing D 37 , as explained in the previous section with PtNPs. D 37 drops from 8.0 kGy in the control to 6.8 kGy in the presence of GdBNs. This corresponds to 15 % enhancement of cell killing.

Detection of the biological consequences of gamma irradiation

As shown for PtNPs, the biological consequences of gamma irradiation on chromosomal DNA and proteins of D. radiodurans loaded or free of GdBNs were analyzed by pulsed-field gel electrophoresis (PFGE) and Oxyblot TM kit respectively.

Kinetics of DNA fragment joining in D. radiodurans after γ irradiation

The kinetic of genome reconstitution in D. radiodurans was measured for D. radiodurans cells without and with the presence of GdBNs (2.7x10 8 NPs per cell) at the irradiation doses of 0 and 4 kGy, as shown in Figure 76. The irradiation was performed with [START_REF] Albanese | Modulation of intercellular communication mediated at the cell surface and on extracellular, plasma membrane-derived vesicles by ionizing radiation[END_REF] Co γ-Rays (LET= 0.2 Kev µm -1 and dose rate=1.4 kGy h -1 ). It should be noted that the patterns of the shattered chromosomes reconstitution kinetic for the control D. radiodurans free of NPs was the same as shown for PtNPs (Figure 76) and is not presented here. In the presence of GdBNs, the kinetics of D. radiodurans DSB repair follows the same behavior as the control (shown in Figure 76), no remarkable difference is observed.

Gamma ray induced oxidative protein damage

Protein carbonylation levels for D. radiodurans cells without and with the presence of GdBNs We observed that, as previously shown with PtNPs, no variation of the global protein oxidation level was observed at a dose of 8 kGy when comparing the D. radiodurans cells controls with D. radiodurans cells loaded with GdBNs.

To conclude, the presence of GdBNs did not increase the oxidative stress in the cells produced by irradiation. It is an indication that the effect of the nanoparticles is very local and impacts little amounts of DNA and/or proteins, which cannot be detected by these macroscopic analysis methods. This confirms that the amplification of cell death is due to the induction of lethal nano-size damage.

Effects of AuNPs in D. radiodurans

AuNPs provided by the group of S. Roux are spherical shape (3 nm in diameters), composed of ~ 150 Au atoms per nanoparticle. They consist of a metal core of gold that is functionalized by DTDTPA (See chapter II: Materials and Methods). In this paragraph, we report the results concerning the effects of AuNPs combined with high-energy photon radiation (gamma rays) on the survival of D. radiodurans. As for PtNPs and GdBNs, we first investigated toxicity and cellular localization of AuNPs.

Toxicity of AuNPs

Prior to the characterization of their action, we evaluated the toxicity of AuNPs. As previously decsribed, we measured the ability of an early log growing phase culture (OD 600nm = 0.3) of D. radiodurans to form colonies on plates (CFU). The CFU of D.

radiodurans incubated with AuNPs over the CFU of D. radiodurans free of nanoparticles (control) were evaluated for AuNPs concentrations ranging from 0 to 32x10 [START_REF] Corde | Lack of cell death enhancement after irradiation with monochromatic synchrotron X rays at the K-shell edge of platinum incorporated in living SQ20B human cells as cisdiamminedichloroplatinum (II)[END_REF] AuNPs per cell (Figure 78). 
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Figure 78: CFU ratio of D radiodurans incubated 12 h with different concentrations of AuNPs, control corresponds to D. radiodurans free of NPs

We observed that, the CFU ratio decreased by 50% for a concentration of 8x10 7 AuNPs per cell. This corresponds to a minimal inhibition concentration of 33 mg L -1 . This value is calculated as described in the study of PtNPs. It is approximately 7 times higher than the MIC value for PtNPs (4.8 mg L -1 ), while similar to the MIC value of GdBNs, which is 33.5 mg L - 1 in average. Thus, if we compare the toxicity of the three NPs studied here, the most toxic was platinum nanoparticle. Considering that Pt and Au are both stable noble metal, we suggest that the difference is mainly due to the surface functionalization and/or the chemical environment of NPs.

It is interesting to note that, in this study, we observed that the negatively charged AuNPs induced toxicity in D. radiodurans. It was reported that the negatively charged AuNPs do not adhere to the negatively charged bacteria cell wall, thus they should be less toxic. [START_REF] Simon-Deckers | Impact of gold nanoparticles combined to X-ray irradiation on bacteria[END_REF] The observed toxicity should be due to a specific interaction between the negatively charged nanoparticles with some proteins in the cell membrane of this gram positive bacterium.

Based on this toxicity study, a maximum concentration of 6.7x10 [START_REF] Corde | Synchrotron photoactivation of cisplatin elicits an extra number of DNA breaks that stimulate RAD51-mediated repair pathways[END_REF] AuNPs per cell incubated for 12 h was used to perform the next studies with AuNPs. In these conditions, the toxicity remained lower than 5 % and the ability of D. radiodurans to grow was not affected. The size distribution analysis shows that the bright dots have an average size of ~12 nm, which is relatively smaller than the grains observed in D. radiodurans incubated with PtNPs or GdBNs.

Moreover, we noticed bright dots have a higher intensity than those observed in the HAADF-STEM images of D. radiodurans loaded with GdBNs, but similar to those observed in the D.

radiodurans loaded with PtNPs. The result is in agreement with the fact that HAADF contrast is dependent on the atomic number of the components (Z contrast imaging), since the intensity of pixels is approximately proportional to Z 2 .

Effect of AuNPs on γ rays induced cell death

The effect of AuNPs on the radiation effects of γ rays was quantified by performing clonogenic assay as for PtNPs and GdBNs.

Effect of the incubation time on the radiosensitization

The survival of bacteria was measured for bacteria incubated with AuNPs during 12 hours and for bacteria mixed with AuNPs just before irradiation. The survival of D. radiodurans measured for radiation doses ranging from 0 to 10 kGy with a dose rate of 7 kGy/h are presented in Figure 80. The survival of the control remained constant up to a radiation dose of 4 kGy, and then decreased with an exponential slope. It is noteworthy to mention that the control survival curve is slightly different than the other controls previously performed with PtNPs and GdBNs. It may be due to a consequence of the dose rate since the gamma source was changed between the two sets of experiment. Indeed, the dose rate (7 kGy/h) used for AuNPs is 5 times higher than for PtNPs and GdBNs (1.4 kGy/h). The effect of the dose rate was not the object of concern of this work. The role of AuNPs in the radiation induced cell death of D.

radiodurans is discussed.

When AuNPs were added in the medium culture just before irradiation (AuNPs 0 h), no remarkable difference of the survival is observed compared to the control. However, for 12 hours incubation the survival strongly decreased. Therefore, this result clearly demonstrates that the surivival decrease is not mainly due to the effects of the NPs remaining in the culture medium and located at the vicinity of the cells.

To characterize the effect of AuNPs under different conditions, we performed the fitting procedures as described for PtNPs in the paragraph 1.1.3. The numerical determination of the three parameters α, β and δ is displayed in Figure 80. 80 These simulations show that, comparing to the control (free of NPs), no variation of these three parameters was observed when AuNPs are added to D. radiodurans just before irradiation (AuNPs_0 h). This suggests that the DNA damage and protein reparation, as represented respectively by the parameters α and δ, was not affected in this condition. When AuNPs were incubated 12 hours with bacteria, parameter α was increased by around 40 %.
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The significant increase of the α parameter indicates that, AuNPs plays a more important role in inducing DNA damage when combine with gamma rays.

As for the study with PtNPs, the efficiency of AuNPs was quantified by measuring the D 37 , presented in Figure 80 by the three arrows on the X axis. D 37 is 6.3 kGy for the control and 4.4 kGy for D. radiodurans incubated 12 hours with AuNPs showing an amplification factor close to 30%.

In this experiment, we remark that, despite the physical-chemistry characteristics of NPs as size, shape and surface charge, an increase incubation time may favor NPs cell uptake which greatly contributes to cell death induced by the lethal complex damage produced in a nanoscopic volume inside of bacteria cells.

Role of water radicals in the radiosensitization

As discussed in the part of PtNPs (paragraph 1.1.3), we have been investigating the biological characteristics of radicals in irradiated cells, and DMSO was used as a radical scavenger.

DMSO was added in some of experiments in order to probe the role of free radicals. In this experiment, we used a non-toxic concentration of DMSO (1 %). The survival of control D.

radiodurans cells, D. radiodurans incubated 12 hours with DMSO and D. radiodurans incubated 12 hours with both AuNPs and DMSO was reported for radiation doses ranging from 0 to 10 kGy with a dose rate of 7 kGy/h in Figure 81. The survival in presence of DMSO was comparable to the control without DMSO up to a dose of 4 kGy but is better after. At 10 kGy the survival of D. radiodurans drops to 2 % compared to more than 30 % in the presence of DMSO.

To characterize the scavenging effect of DMSO, the D 37 is measured and presented the by the three arrows on X axis of Figure 81. D 37 is 6.3 kGy for the control and 9.7 kGy for D.

radiodurans loaded with DMSO. Thus, the D 37 is increased of around 54 % and could be assigned to the scavenging effect of DMSO. [START_REF] Kashino | An alternative mechanism for radioprotection by dimethyl sulfoxide; possible facilitation of DNA doublestrand break repair[END_REF] This study confirms that DMSO could suppress radiation induced lethal effects, such as chromosome aberration, in this extreme radioresistant organism used in this study

In this experiment, we demonstrate that the cell death is scavenged in presence of DMSO showing that HO° radicals play a major role in the induction of cell death amplification as it was observed with PtNPs. The concentration of NPs (in NPs per cell and µmol L -1 ) used to study the radiosensitization effect and the correspoind amplification values are reported in Table 15. GdBNss show the same order of amplification factor than PtNPs, close to 15 %, while they were around 3 times more concentrated in metal atoms than AuNPs and PtNPs. This difference could be, at least partially, attributed to the internalization of nanoparticles. As discussed in the paragraph 1.2.2.2, most of GdBNs are concentrated in the region of the cell wall rather than in the cytoplasm. Thus, less vulnerable complex damages -the major cause of the cell death-were produced inside of the cell. However, we cannot exclude that differences in radiosensitization efficiency may be related to the NPs core and / or the surface functionalization of these NPs. nanoparticles irradiated by high-energy photons, [START_REF] Carter | Enhanced single strand breaks of supercoiled DNA in a matrix of gold nanotubes under X-ray irradiation[END_REF][START_REF] Butterworth | Variation of Strand Break Yield for Plasmid DNA Irradiated with High-Z Metal Nanoparticles[END_REF] and described in detail for platinum nanoparticles activated by fast ions, [START_REF] Porcel | Platinum nanoparticles: a promising material for future cancer therapy?[END_REF] is attributed to a cascade of nanoscale processes.
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Briefly, the nanoparticles are activated (excited and ionized) by the incident ionizing radiations. This step is followed by fast electronic rearrangements in the nanoparticles. As a result, secondary electrons (photoelectrons and Auger electrons) are emitted in the close surrounding of the nanoparticles. The interaction of the electron with water molecules results in the production of hydroxyl radical clusters in the few nm surrounding the nanoparticles.

H 2 O 2 may also be produced by dimerization of HO • in these clusters. As shown by Daly and co-workers H 2 O 2 plays a major role in the death of D. radiodurans by radiation. [START_REF] Daly | Protein oxidation implicated as the primary determinant of bacterial radioresistance[END_REF] They attributed the radioresistance of this bacterium to the scavenging of this species. In our work we confirmed the important role of the hydroxyl radicals in the induction of nano-size bio damages. We thus attribute these damages to the interaction of radical clusters with surrounding biomolecules.

The in vitro experiments also displayed a strong dependence in HO° to amplify cell death.

This suggests a strong correlation between the effects at cellular and molecular scales. We thus attribute the amplification of cell death to the induction of nano-size damage in biomolecules in the cells.

The impact of nanoparticles in vitro was initially observed on eukaryotic cells with gold nanoparticles activated by photons. [START_REF] Butterworth | Physical basis and biological mechanisms of gold nanoparticle radiosensitization[END_REF][START_REF] Mowat | In vitro radiosensitizing effects of ultrasmall gadolinium based particles on tumour cells[END_REF] The present work demonstrated that these findings also apply for radioresistant D. radiodurans cells. This proves that the radiosensitization mechanism is universal and not specific to mammalian cells. It also confirms the PtNPs capacity to induce nano-size reactive clusters, which characterizes the efficiency of the radiation-nanoparticles protocol.

In the case of eukaryotes, the nanoparticles do not penetrate cell nuclei [START_REF] Rima | Internalization pathways into cancer cells of gadolinium-based radiosensitizing nanoparticles[END_REF] and the action of O , which exceeds the capacity of the endogenous scavenging system. [START_REF] Daly | Accumulation of Mn(II) in Deinococcus radiodurans facilitates gamma-radiation resistance[END_REF] We were not able to observe any effect of the nanoparticles in Oxyblot experiments we performed to quantify proteins oxidization damage. The presence of nanoparticles did not increase a global oxidative stress in the cells. It is an indication that the effect of the nanoparticles is very local and impacts small amounts of DNA and/or proteins, which cannot be detected by macroscopic analysis methods. This confirms that the amplification of cell death is due to the induction even low of highly lethal and non-repairable nano-size damage.

Effect of Nanoparticles in E. coli

We also decided to compare the effects of NPs on other organism models in aim to understand whether their effects are cell-type dependent. In addition to D. radiodurans, a gram-negative enterobacterium Escherichia coli able to colonize several biotopes was used as an alternative model organism.

In the following sections, the results of the toxicity and radiosensitization of two NPs (PtNPs and GdBNs) are summarized in this section. In order to provide information on how PtNPs interact with this bacterium, transmission electron microscopy (TEM) and High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) analyses are reported.

Toxicity of NPs in E. coli

As previously performed with D. radiodurans, the toxicity of NPs, the number of an early log growing phase culture (OD 600 = 0.3) of E. coli to form colonies on plates (Colony Forming Units -CFU) was quantified.

The ratios of E. coli CFU incubated with PtNPs or GdBNs over E. coli free of nanoparticles (control) were evaluated for concentrations ranging from 0 to 6x10 6 and 0 to 24x10 8 per cell respectively (Figure 83). To characterize the influence of the incubation time on the nanotoxicity, the number of CFU were measured after 3 hours and 12 hours of incubation respectively. NPs at a metal atom concentration of 48 µmol L -1 , after 3 hours incubation, the CFU ratio was almost not affected in the case of GdBNs, while it dropped down to ~ 65 % for PtNPs. The same trend was observed for an 12 hours incubation, a 10 % decrease of CFU ratio was attributed to GdBNs compared to more than 50 % in the case of PtNPs. This result strongly suggests that E. coli is more sensitive to PtNPs than to GdBNs in this study. Interestingly, these prokaryotes display the same cell response when compared to eukaryotic CHO Chinese

Hamster Ovary cells previous studied in this group. It has been shown that, at a metal concentration of 350 µM, no cell death was observed in the case of GdBNs, while more than ~ 60 % cell death is generated by PtNPs.

Comparison of nanotoxicity on Gram+ and Gram-bacteria

This part is devoted to a comparison of the effect of NPs on E. coli (gram-negative) and D.

radiodurans (gram-positive). This comparison based on the minimal inhibition concentration (MIC) as has been discussed in the previous sections, is summarized in Table 16.

PtNPs (mg L -1 ) GdBNs (mg L -1 ) E. coli 9.3 61.5 D. radiodurans 4.8 33.5

Table 16: Minimal inhibition concentration of PtNPs and GdBNs

For both PtNPs and GdBNs, the MIC are about 2 times lower for D. radiodurans than for E.

coli, showing that the gram-positive bacterium -D. radiodurans is more susceptible to the effects of nanoparticles than the gram-negative bacterium -E. coli.. This phenomenon was also observed for a main class of metal oxide nanoparticles. [START_REF] Pelletier | Effects of engineered cerium oxide nanoparticles on bacterial growth and viability[END_REF] When the toxicities of TiO 2 , SiO 2 and ZnO particles on E. coli (gram-) and B.subtilis (gram+) were compared, greater antibacterial activity toward B.subtilis was observed. It was also reported by Krug, H. F et al, that Gram-negative bacteria are generally more resistant to external stresses than gram-positive bacteria. [START_REF] Krug | Nanoscience and Nanotechnology. Environmental and Health Impacts[END_REF] While many mechanistic bases for differences in reactivity remain obscure, some hypothesizes were proposed to explain this phenomenon. [START_REF] Krug | Nanoscience and Nanotechnology. Environmental and Health Impacts[END_REF] Among them, differences in cell wall structure are one of the major concerns. Both grampositive and gram-negative bacteria cell wall are made up of peptidoglycan and a phospholipid bilayer containing membrane-spanning proteins. However, gram-negative bacteria have an unique outer membrane; the main role of this outer membrane is to protect cells from substances that would damage the inner membrane or cell wall such as dyes and detergent. Therefore, bacterial cells responses discrepancy may result from the differences of their respective cell wall structure.

Based on these results, the next studies were performed with PtNPs and GdBNs at 2x10 6 and 2.5x10 8 NPs per cell, incubated during 12 hours. Under these conditions, the toxicity remained lower than 5 %.

Radiosensitization effect of NPs on E. coli cells

The condition of irradiation is the same than previously described for D. radiodurans.

(Chapter III, paragraph 1.1.

3) The CFU ratio of irradiated E. coli cells loaded with PtNPs or GdBNs over bacteria free of nanoparticles (controls) were measured for doses ranging from 0 to 400 Gy, as shown in Figure 84. The fitted survival shows that, compared to E. coli free of NPs, a decrease of the survival curve was observed in the presence of PtNPs while no remarkable difference was observed with GdBNs.

To characterize the effect of PtNPs, the dose of D 37 was measured and the amplification factors were calculated. The amplification factors were calculated according to Equation 44(Page:127). As shown in radiodurans respectively, suggests that the cell death is more important in E. coli than D.

radiodurans.

As has been discussed in details the Chapter I, cell death is caused by radiation damage on cellular macromolecules (DNA, RNA, proteins, lipid/membrane etc.). DNA repair pathways in E. coli, may, in principle, be as good as in D. radiodurans, but important proteins are poorly protected from radiogenic oxidization. [START_REF] Slade | Oxidative stress resistance in Deinococcus radiodurans[END_REF][START_REF] Krisko | Protein damage and death by radiation in Escherichia coli and Deinococcus radiodurans[END_REF] Consequently, the proteins are more vulnerable by massive oxidizing species induced by gamma rays, notably in the presence of nanoparticles that induce substantial amount of reactive oxygen species.

Localization of PtNPs

As previously performed for D. radiodurans, TEM and HADDF-STEM was used to characterize the location of NPs. TEM and HAADF-STEM images of E. coli cells incubated a) b) Taking together, our study suggests that 3 nm PtNPs, which do not enter E. coli cells, are still able to enhance cell death when combined to gamma rays. Similar results have been reported by C.Sicard-Roselli et al. showing that non-functionalized gold nanoparticles, which do not adhere to the bacterial cell wall, increase cell death when combined to X-Ray radiation. They attribute this effect to direct or indirect damages, due to the generation of free radicals from the ionization of water molecules respectively. [START_REF] Simon-Deckers | Impact of gold nanoparticles combined to X-ray irradiation on bacteria[END_REF]. Nevertheless, this phenomenon as discussed above need to be further explored. For instance, indicative experiments could be performed by irradiating E. coli cells with PtNPs added just before irradiation and/or also in the presence of DMSO as previously performed with D. radiodurans loaded with AuNPs.

This will allow us to quantify the extent of cell damage stimulated by the deleterious effects of NPs located in the culture medium. 

SCALE

The study at molecular scale aims at understanding the molecular mechanisms involved in the radiosensitization induced by nanoparticles submitted to gamma radiation. In this purpose, plasmid pBR322 was used as molecular probe to quantify the efficiency of nanoparticles to amplify the yields of simple and complex damage induced by radiation. The effect of platinum salts was compared to the effect of platinum nanoparticles to investigate the role of the nanodesign of the radiosensitizer. The results for nanoagents composed of platinum (PtNPs) and gadolinium (GdBNs) are reported in this chapter.

Effect of Platinum compounds

Platinum salts have been widely used in chemotherapy protocols, such as cis-platinum, carboplatin, oxaliplatin etc. [START_REF] Chen | Metal Complexes, their Cellular Targets and Potential for Cancer Therapy[END_REF] Our group has previously shown that platinum salts enhance DNA damage and cell death induced by radiation (X-rays or fast ions). [START_REF] Usami | Fast He2+ ion irradiation of DNA loaded with platinum-containing molecules[END_REF][START_REF] Lacombe | Advances in radiation biology: Radiosensitization in DNA and living cells[END_REF][START_REF] Porcel | Platinum nanoparticles: a promising material for future cancer therapy?[END_REF][START_REF] Usami | Mammalian cells loaded with platinum-containing molecules are sensitized to fast atomic ions[END_REF][START_REF] Usami | Comparison of DNA breaks at entrance channel and Bragg peak induced by fast C6+ ions--influence of the addition of platinum atoms on DNA[END_REF] The use of high-Z compounds to amplify the effects of radiations is thus considered as a promising strategy to improve cancer treatments. However, platinum salt penetrate all the tissues and may thus injure healthy tissues. Therefore, small platinum nanoparticles (3 nm diameters)

were proposed by the group to improve tumor targeting and open new opportunities of using platinum as a radiosensitizer. [START_REF] Erika | Utilisation des nanoparticules pour améliorer les performances de la hadronthérapie[END_REF] First, the impact of platinum nanoparticles on the induction of simple and complex damages was compared to the effects of a metallic salt -the Chloroterpyridine Platine (PtTC). In a second study, the effect of the metal concentration was considered. Finally, a radical scavenger (DMSO) was used to investigate the role of hydroxyl radicals on the induction of the molecular damages. The results of these studies are successively presented in this section.

Pt salts and Pt nanoparticles

The first part of my work was focused on the comparison of the radiosensitizing properties of different platinum compounds induced by gamma rays. The radiosensitizing properties were characterized by measuring the induction of the simple damage, single strand breaks (SSB) and the complex damage, double strand breaks (DSB) in plasmids loaded or not with platinum nanoparticles or platinum atoms and irradiated by gamma rays (LET=0.23 keV/µm).

For this study, the concentration of platinum atoms was kept constant for the experiments performed with salts and nanoparticles. Based on previous studies this concentration was fixed at 1 platinum atom per 8 base pairs, [START_REF] Usami | Fast He2+ ion irradiation of DNA loaded with platinum-containing molecules[END_REF][START_REF] Usami | Irradiation of DNA loaded with platinum containing molecules by fast atomic ions C(6+) and Fe(26+)[END_REF][START_REF] Usami | Mammalian cells loaded with platinum-containing molecules are sensitized to fast atomic ions[END_REF] which corresponds to 500 Pt atoms per As the plasmid irradiated by the increase doses, from 0 to 250 Gy, there is a considerable increase of the circular form and linear form of DNA, as shown by the intensity of the bands increases following the dose.

After a densitometry analysis and a statistic treatment of the data as described in Materials and Methods section (chapter II), the average number of SSB and DSB obtained in plasmids loaded or not with platinum compounds are reported in the dose response curves presented in This measurement shows that, in the control (DNA free of Pt compounds) and in the plasmids loaded with platinum compounds, SSB and DSB increased with the dose. The linear shape of these curves suggests that the breaks were induced by single events.

In the presence of platinum compounds, the number of SSB and DSB was strongly amplified.

It demonstrates that platinum compounds, salts and nanoparticles, are good radiosensitizers when gamma rays are used as ionizing radiations. More importantly, the DSB yield was more pronounced in the presence of nanoparticles than with the salts. These results are similar to previous findings of the group with fast ions used as ionizing radiations. [START_REF] Porcel | Platinum nanoparticles: a promising material for future cancer therapy?[END_REF] To make a quantitative analysis of the efficiency of platinum compounds as radiosensitizers, the yields of SSB and DSB were determined by calculating the slopes of the respective dose response curves (𝑚 !!" !" , 𝑚 !"# (!") ). The slope represents the number of SSB (respectively DSB) per plasmid per Gray.

We calculated the amplification factors (AF) defined by the yield of SSB (respectively DSB) in platinum loaded plasmids ( This quantitative analysis demonstrates that the presence of PtNPs enhances the yields of molecular damages. The yield of DSB in particular was amplified by 1.5, which indicates a 50 % increase of the nano-size damages. The decrease of m SSB /m DSB also indicates that the amplification of the nano-size damages is stronger than the amplification of simple breaks. In other words, the addition of nanoparticles not only amplifies the radiation effects but also increases the yield of complex damage.

We noticed that the induction of SSB was slightly lower in PtNPs than in PtTC. It is generally admitted that the SSB are induced by free radicals • OH that have migrated through the medium, whereas DSB are the consequence of production of dense free radicals in the proximity of the DNA. [START_REF] Kassis | Strand breaks in plasmid DNA after positional changes of Auger electron-emitting iodine-125: Direct compared to indirect effects[END_REF] The local recombination of the • OH radicals in a dense cluster tends to decrease the number of migrating • OH, with the consequence that less SSB breaks are induced. [START_REF] Porcel | Photosensitization of plasmid-DNA loaded with platinum nano-particles and irradiated by low energy X-rays[END_REF][START_REF] Kobayashi | Enhancement of radiation effect by heavy elements[END_REF] Interestingly, with PtTC, the induction of DSB was slightly lower (AF DSB =1. In summary, the induction of complex damage (DSB) is more amplified in the presence of nanoparticles than with PtTC. This experiment demonstrates that nano-designed radiosensitizers are more efficient than dispersed metallic salt to induce nano-size damages. It is interesting to mention that the decrease of

! !!" ! !"#
with nanoparticles is similar to an increase of the linear energy transfer of ionizing radiations. This confirms that the effect of the nanoparticles corresponds to the induction of local ionization bursts.

Influence of the PtNPs concentration

The induction of molecular damages was quantified for nanoparticles concentrations listed in As observed before, the SSB and DSB yields increase linearly with the radiation dose. The yield of SSB (respectively DSB) (𝑚 !!" !" , 𝑚 !"# (!") ) per plasmid per gray, the amplification factors (AF SSB , AF DSB ) and the ratio of m SSB /m DSB defined in the paragraph above (1.1) are summarized in 

Role of water radicals

This part is focused on the characterization of the molecular mechanisms responsible for the action of the nanoparticles SSBs and DSBs are commonly attributed to two types of elementary processes. The direct processes correspond to the direct interaction of ions and/or electrons with biomolecules. The indirect processes are attributed to the reaction of water radicals with surrounding biomolecules (Chapter I). To ascertain the role of PtNPs in the induction of molecular damage, DSB in particular, experiments were carried out with Dimethylsulfoxide (DMSO), [START_REF] Popham | Use of Dimethyl-Sulfoxide to Detect Hydroxyl Radical during Bacteria-Induced Hypersensitive Reaction[END_REF] a commonly used scavenger of hydroxyl radicals, the most reactive oxygen species produced in water (Chapter I). Thus, the role of hydroxyl radicals was characterized by performing some experiments in the presence of PtNPs and DMSO (at a final concentration of 1 mol.L -1 ). kev/µm). [START_REF] Porcel | Nano-Sensitization under gamma rays and fast ion radiation[END_REF] The contribution of the direct processes, including the interaction of the biomolecules with the primary radiation or with low energy electrons is very low. This is in contradiction with previous studies, which propose the interaction of low energy electrons as a major cause of the biological damage. [START_REF] Sanche | Biological Chemistry Beyond Radical Thinking[END_REF] The role of the direct and indirect processes was quantified by calculating the ratio m SSB /m DSB for samples treated or not with DMSO in different concentrations of PtNPs (Table 20). The results show that the contribution of the direct processes in the induction of molecular damages was lower than 15%. The contribution of the indirect processes increased with the PtNPs concentration. It is generally considered that, for low LET radiation, such as gamma rays used in this study, more than two third of cellular damage is induced by indirect effect.

Samples

This experiment confirms that at least around 90 % amplification of the molecular damages by the NPs is mediated by • OH. Finally, this experiment reveals that the early stage processes initiated by the NPs ends with the production of water radicals prior to the induction of biological damage.

Effect of gadolinium based nanoparticles

Gadolinium based nanoparticles (GdBNs) have been the subjects of several in vitro and in vivo studies. [START_REF] Bobyk | Photoactivation of gold nanoparticles for glioma treatment[END_REF] GdBNs have the properties of contrast agents for magnetic resonance imaging. [START_REF] Bridot | Hybrid gadolinium oxide nanoparticles: Multimodal contrast agents for in vivo imaging[END_REF][START_REF] Fizet | Multi-Luminescent Hybrid Gadolinium Oxide Nanoparticles as Potential Cell Labeling[END_REF] They are found to be good radiosensitizers when gamma rays [START_REF] Mowat | In Vitro Radiosensitizing Effects of Ultrasmall Gadolinium Based Particles on Tumour Cells[END_REF] or neutrons [START_REF] Bridot | Hybrid gadolinium oxide nanoparticles combining imaging and therapy[END_REF] are used as ionizing radiation. Our group demonstrated also that GdBNs enhance efficiently the effects of fast ion radiation. [START_REF] Erika | Utilisation des nanoparticules pour améliorer les performances de la hadronthérapie[END_REF] In this chapter, the results corresponding to the effect of GdBNs on the induction of damages at molecular scale are reported. We quantified the efficiency of GdBNs to amplify SSBs and DSBs. As for PtNPs, in some of the experiments, Dimethylsulfoxide (DMSO) was added to investigate the role of water radicals.

The experimental procedures with plasmids and the data analysis tools were similar to the methods developed in the study of PtNPs. Plasmids with GdBNs and controls were prepared according to the methods described in the Chapter II. The concentration corresponding to 50

GdBNs per plasmid DNA was used for this measurement. It corresponds to the same concentration of high-Z metal atoms as used for platinum. The samples were irradiated with gamma rays.

The average number of single strand breaks (SSB) and double-strand breaks (DSB) induced in plasmids loaded or not with GdBNs irradiated by gamma rays is reported in the dose response curves presented in (Figure 91). The addition of GdBNs does not damage DNA. In the controls and the GdBNs loaded plasmids, the number of SSBs and DSBs increase linearly with the dose, which indicates that simple and complex damages are induced by single ionizing events as observed in the case of PtNPs. In the presence of GdBNs, the induction of strand breaks in DNA (SSB and DSB) is significantly enhanced as compared with the controls. More interestingly, the induction of complex damages (DSB) is more pronounced than the induction of simple breaks (SSBs).

The yields of SSB and DSB as well as amplification factors defined as before (Chapter II) are reported in Table 21. This quantitative analysis shows that, in the presence of GdBNs, the yields of SSB and DSB are increased by 15 % and 48%, respectively. The variation of the simple strand breaks is less pronounced. These distinct evolutions of SSB and DSB trends lead to a strong decrease of the m SSB /m DSB ratio. This experiment confirms that the addition of nanoparticles amplifies the molecular damage, in particular, the breaks of nanometer-size.

Samples

As described in the case of PtNPs, we probed the role of water radicals in the effect of GdBNs by adding a DMSO in some of the experiments. This study clearly shows that, when water radicals are scavenged, the molecular damages drop drastically. This result confirms the observations previously discussed for PtNPs, which shows that close to 90% of the amplification effect are mediated by water radicals.

By probing the effect of nanoagents on the plasmid DNA under gamma irradiation, we demonstrated the amplification of the nano-size damage compared to simple strand breaks. In other words, the addition of nanoparticles not only amplifies the induction of radiation effects but, more importantly, increases the complexity of the damage.

Discussion on the elementary mechanisms of radiosensitization

The results presented in this chapter with PtNPs and GdBNs are in full agreement with the model proposed before by several groups, including the ISMO group, to describe the mechanisms involved in the radiosensitization by high-Z compounds. The radiosensitization phenomenon was first observed in the case of platinum salt combined with high-energy photons and fast ion radiation. [9-12, 15, 17, 21, 100, 101, 172, 177-179] In the case of nanoparticles, the effect of radiosensitization was first proved in vivo in 2004 using gold nanoparticles activated by X-rays. [START_REF] Hainfeld | The use of gold nanoparticles to enhance radiotherapy in mice[END_REF] Other studies performed on plasmids and mammalian cells further confirmed the properties of high-Z nanoparticles to amplify radiation effects. [24] [175, 181] The radiosensitization effect by high-Z compounds is attributed to a cascade of nanoscale processes, [START_REF] Erika | Utilisation des nanoparticules pour améliorer les performances de la hadronthérapie[END_REF] which can be summarized as follows (see Figure 92). The interaction of gamma rays with matter leads to ionization due to the Compton Effect (Chapter I, paragraph 1.2.2 ). The ionization of the water molecules results in the emission of secondary electrons along the primary track. [START_REF] Adoui | Ionization and fragmentation of water clusters by fast highly charged ions[END_REF] The interaction of the incident photons and the secondary electrons with the nanoparticles leads to an increase of the electron emission in few nanometers around the radiosensitizers. This enhanced electron emission is facilitated by the high electron density of platinum and gadolinium and enhanced Auger relaxation, favored after ionization of high-Z atoms. Strong Auger relaxation was described previously for high-Z compounds such as platinum, gold, or gadolinium (e.g. the ionization of K-shell in platinum atoms leads to the emission of ~10 Auger electrons). [START_REF] Butterworth | Physical basis and biological mechanisms of gold nanoparticle radiosensitization[END_REF][START_REF] Scifoni | Including oxygen enhancement ratio in ion beam treatment planning: model implementation and experimental verification[END_REF] The outer as well as the inner shells (K, L, M -shells) can be ionized. As shown elsewhere, the ionization of inner shells of the atoms in the NPs results in an intensive impact on biological systems. [START_REF] Porcel | Platinum nanoparticles: a promising material for future cancer therapy?[END_REF][START_REF] Scifoni | Spectra of secondary electrons generated in water by energetic ions[END_REF][START_REF] Boudaïffa | Resonant Formation of DNA Strand Breaks by Low-Energy (3 to 20 eV[END_REF] At the end, the ionization of the nanoparticles in the outer and/or inner shells results in the amplification of the electron emission along with the production of highly positive sites. This activation step is followed by several mechanisms of relaxation, which take place in few nanometers surrounding the nanoparticle. The electrons emitted by the nanoparticles with energies higher than 20 eV induce water radiolysis. It results in the production of reactive oxygen species (ROS) such as hydroxyl radicals (HO•), which may also dimerize into hydrogen peroxide (H 2 O 2 ). Even at low energies (< 20 eV) electrons may dissociate water molecules into ROS via dissociative electron attachment. [START_REF] Aryal | Immobilization of collagen on gold nanoparticles: preparation, characterization, and hydroxyapatite growth[END_REF] In addition to these effects, the water molecules may be ionized due to their interaction with the positively charged nanoparticles. In this case, the ionization due to electron transfers from the water molecules to the positive site may lead to the fragmentation of the molecules. This cascade of events takes place in the 10 -15 -10 -12 sec time scale . [START_REF] Bloch | Radiative Auger Effect[END_REF] The nano-designed structure of the nanoparticles was found to favor biological damage induced by ROS because of the proximity of the electron emitters. [START_REF] Porcel | Photosensitization of plasmid-DNA loaded with platinum nano-particles and irradiated by low energy X-rays[END_REF] The efficiency of the nanoparticles to amplify the radiation induced damage comes not only from the enhancement of reactive oxygen species produced in the medium, but from the spatio-temporal distribution of these species in nano-size clusters (see Figure 92).

To summarize, in this part of work, the elementary mechanisms of radiosensitization were investigated by adding a radical scavenger (DMSO). In the case of pure DNA as well as in DNA loaded with platinum salt and platinum and gadolinium nanoparticles, the induction of SSBs and DSBs is strongly shut down in the presence of DMSO. This result confirms that the induction of DNA damage and, more interestingly, the amplification of radiation effects due to the metal are mostly related to the production of water radicals in the proximity of the metal.

In summary, the radiosensitization phenomenon in bacteria is explained as follows. The interaction of gamma rays with matter leads to the ionization of water molecules and the emission of secondary electrons along the primary track. The interaction of the incident photons and/or secondary electrons with the NPs leads to an increase of the electron emission in the few nanometers around the radiosensitizers. The interaction of electron bursts and the charge transfer mechanisms are responsible for the production of radical clusters. The induction of nanoscopic biodamages is thus responsible for the amplification of cell death. It is noteworthy to mention that the radiosensitization affects DNA but also repair proteins.

Finally, this work proves for the first time that the radiosensitizing effect, which was found in eukaryotic cells first, presents a "universal" character. The early stage mechanisms play a fundamental role and the efficiency of the NPs depends essentially on their properties to emit electron bursts and to produce reactive clusters. The radiosensitization comes not only from the enhancement of reactive oxygen species produced in the medium but from the spatiotemporal distribution of these events (t>10 -12 s in nanoscale volume).

Perspectives

These findings should drive the development of future radiosensitizers. In the perspectives of developing simulation tools and predicting the radiosensitization effects in the biological systems, the tests of radiosensitizers on simple molecular and cellular probes is of great interest. This would allow classifying the compounds as a function of their intrinsic properties, disentangled from the cell response.

Many experiments remain to be done to understand the set of elementary processes and to predict the effects on the body. We consider that the increase in damage is due to the electron emission of NP activated by ionizing radiation. However, to control the effects, it would be appropriate to measure the energy distribution of electrons emitted by the NP under different radiation. The implementations of such experiments are under discussion with physicists.

The quantification and the study of NPs internalization must be improved in order to better evaluate the interaction of the compounds with the host.

In the end, much research effort is required to fully elucidate the relationship between physical effects and biological mechanisms in the NPs radiosensitization. It is only through a Abstract: Radiation therapies are used to treat most of the cancer cases. One major limitation is the damage induced in the healthy tissues and tumor targeting is a major challenge. The addition of nanoparticles (NPs) is proposed as a novel strategy to amplify the radiations effects in the tumors (radiosensitization). The high-Z nanoparticles (platinum, gold, gadolinium) are found to be good candidates. To develop new nanoagents and improve treatment planning, a deeper knowledge of the fundamental mechanisms is required. It was found that radiosensitizers enhance the lethal effect of radiations (fast ions and gamma rays). This is attributed to a multiscale cascade of events, which includes the NPs activation and relaxation, the production of water radicals up to the biological impact in mammalian cells. It is not clear yet what from the early stage processes or from the (eukaryotic) cell response is the key stage of the radiosensitization. Hence, the challenge of my thesis was to probe the effects of radiosensitizers (gold, platinum and gadolinium based nanoparticles) on cells other than eukaryotic cells. For the first time, their effect was tested on the most radioresistant bacterium ever reported Deinoccocus radiodurans (D. radiodurans). For comparison, the nanoparticles were tested on the radiosensitive bacterium E.coli. Additional studies at molecular scale were used to understand the elementary mechanisms. In summary, this work demonstrates that the radiosensitizing nanoparticles amplify the effects of γ-rays in radiosensitive and also radioresistant bacteria. This is attributed to the production of radical clusters and to the inducetion of nano-size biodamages in DNA but also in repair proteins. Finally, this work proves that the radiosensitization is a "universal" phenomenon that can take place in all living organisms. In other words, it tells that elementary mechanisms play a major role compared to the biological response of the cell. A set of standardized methods for evaluating the cellular uptake and the toxicity of the potential nanodrug was established throughout this study.

Résumé: Les therapies par irradiation sont utilisées pour traiter la plupart des cas de cancer. Une limitation majeure est l'induction de dommages dans les tissus sains. Par conséquent, l'amélioration du ciblage tumoral est un défi majeur. L'addition de nanoparticules (NPs) est proposée comme une nouvelle stratégie pour amplifier les effets des radiations dans les tumeurs (radiosensibilisation ). Les nanoparticules de Z élevé (platine, or, gadolinium) se révèlent être de bons candidats. Afin de développer de nouveaux nanoagents et d'améliorer les plans de traitement, il est nécessaire de mieux comprendre les mécanismes fondamentaux impliqués. Il a été observé que les radiosensibilisateurs augmentent l'effet létal des radiations (ions rapides ou rayons gamma). Ceci est attribué à une cascade d'événements multi-échelle qui comprend l'activation des NPs, leur relaxation, suivi de la production de radicaux responsables de la mort cellulaire (dans les eucaryotes). Il n'est pas encore clair laquelle des étapes, entre l'excitation/relaxation électronique des NPs ou la réponse biologique joue le rôle prédominant. Par conséquent, le défi de ma thèse était de tester les effets de radiosensibilisateurs (NPs d'or, de platine ou à base de gadolinium) sur des cellules autres que des cellules eucaryotes. Pour la première fois, l'effet des NPs a été testé sur la bactérie la plus radiorésistante jamais rapportée, D. radiodurans. Les NPs ont également été testées sur E. coli. Des études à l'échelle moléculaire ont été utilisées pour comprendre les mécanismes élémentaires. En résumé, ce travail montre que les NPs radiosensibilisantes amplifient les effets des rayons γ dans les bactéries radiosensibles et radiorésistantes. Ceci est attribué à la production de grappes de radicaux et à l'induction de dommages nanométriques dans l'ADN mais également dans les protéines de réparation. Finalement la radiosensibilisation est un phénomène «universel» qui peut être induite dans tout organisme vivant. En d'autres termes, les mécanismes élémentaires liés à l'excitation/relaxation de la NP jouent un rôle majeur par rapport à la réponse biologique de la cellule. Enfin, un ensemble de méthodes ont été optimisées pour évaluer la toxicité et observer l'internalisation des NPs dans les bactéries.
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 7 Figure 7: Fraction of the incident energy transferred to the recoiled electron as a function ofthe incident photon energy, when the photon is backscattered at 180°[START_REF] Mayles | Handbook of radiotherapy physics : theory and practice[END_REF] 
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 41 Auger de-excitation (non-radiative process) Auger emission processes were discovered independently by Lise Meitner (in 1923) and the French physicist Pierre Victor Auger (in 1925).
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 13 Figure 13: Auger process: a) Ground state, b) Transition excited state and c) Final state
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 15 Figure 15: Fluorescence and Auger electron yields as a function of the atomic number for K shell vacancies. (http://en.wikipedia.org/wiki/Auger_electron_spectroscopy#cite_note-feldman_mayer-6)
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 16 Figure 16: Fluorescence yields for K and L shells ionization. The plotted curve for the L shell represents an average of L1, L2, and L3 effective yields
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 27 Figure 27: Survival curves of two bacteria (D. radiodurans and E. coli) and three archaea (Pyrococcus furiosus, Thermococcus gammatolerans, and, Halobacterium NRC-1), exposedto increasing doses of γ-rays[START_REF] Confalonieri | Bacterial and archaeal resistance to ionizing radiation[END_REF] 
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 29 Figure 29: Manganese-based chemical antioxidants in D. radiodurans. (Based on [76])
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 30 Figure 30: Logarithmic scale showing the size of nanomaterials compared to biological systems used in this study.
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 36 Figure 36: UV-visible absorption spectrum of (Pt(NH 3 ) 4 Cl 2 + PAA) solution-(a) before irradiation and (b) after irradiation
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 37 Figure 37. PtNPs solutions can be stored protected from light at 4 °C for several weeks.
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 37 Figure 37: PtNPs (10 -3 mol L -1 ) synthesized by radiolysis
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  In the present work, we assume the PtNPs contain in average 1000 platinum atoms per nanoparticle. The PtNPs solution has a pH around 4 due to the presence of poly-acrylic acid. 1.2.2 Gadolinium based nanoparticles (GdBNs) Gadolinium is a lanthanide element with the atomic number Z = 64. The gadolinium (III) ion is water-soluble. The GdBNs were provided by Olivier Tillement, Laboratoire de Physico-Chimie des Matériaux Luminescents, Université Claude Bernard Lyon 1, Lyon. The principle of the synthesis is briefly described below. The precursors are: ² Gadolinium chloride hexahydrate (99%), Nano-H, France ² Sodium hydroxide (99%), Sigma Aldrich ² Diethylene glycol (>99%) DEG ² Tetraethyl orthosilicate (Si (OC 2 H 5 ) 4 , TEOS, 98%) Aldrich ² (3-aminopropyl) triethoxysilane (H 2 N (CH 2 ) 3 -Si (OC 2 H 5 ) 3 , APTES, 99%) Aldrich ² Diethylenetriaminepentaacetic dianhydride (DTPADA, 98%) Aldrich ² Triethylamine (TEA, 99%), Aldrich, ² Anhydrous N, N-dimethylformamide, (DMF, 98 %) Sigma
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 40 Figure 40: Scheme of a GdBNs
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 3 Yeast extract (Difco) 0.1 % Glucose, 1.5 % Agar (Difco)) and grown for overnight in an incubator at 27 °C. A single colony from the TGY agar plate was transferred into 20 ml of TGY broth and incubated overnight respectively at 27 °C in a shaker incubator (Infors-HT Multitron) at 169 rpm. Then, 0.5 ml of this overnight culture was inoculated into 20 ml of fresh TGY broth in an Erlenmeyer flask.E.coli, strain type w3110 from frozen stock (-80 °C) was inoculated onto solid LB agar plates (Euromedex) and grown for overnight in the incubator at 37 °C. A single colony was transferred into 20 ml of LB broth and incubated overnight at 37 °C in a shaker incubator (Infors-HT Multitron). Then, 0.25 ml of this overnight culture was inoculated into 20 ml of LB broth in an Erlenmeyer flask.

  Number of GdBNs N cell : Number of bacteria cell R: the ratio of GdBNs per cell The different ratios of NPs per cell used in this work are reported in Table
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 42 Figure 42: Dilution and plating process of clonogenic cell survival assay

  during my thesis, are crucial and affect the outcome of the study, these are described individually in details below. The sample preparation was performed with C. Boulogne at the platform Imagif (Gif-sur-Yvette, CNRS). a) Bacteria incubation and chemical fixation D. radiodurans and E.coli of early exponential phase (OD 600 ~0.3) were respectively mixed with nanoparticles as explained in the paragraph 2.4.1. Samples without NPs were used as controls. The bio-colloid mixtures were incubated during 12 hours in Erlenmeyer flasks and were collected for the following steps. Bacteria cultures were centrifuged at 3000 g for 3 min. Precipitants were then carefully collected and immersed in the fixative. To avoid cell disruption as a result of the loss of water, the samples were preserved with a mixed fixative agent composed of 2 % glutaraldehyde (Agar, R1010), 1% paraformaldehyde (EMS EM Grade, 19208) and 0.1 M phosphate buffer (Na 2 HPO 4 :NaH 2 PO 4 81:19), pH=7.4.

Table 5 :

 5 Dehydration baths for the preparation of the samples dedicated to the HAADF-STEM imaging c) Embedding

Figure 44 :

 44 Figure 44: Ultramicrotome used to slice the samples in ultrathin sections (Imagif platform, CNRS, Gif-sur-Yvette)

Figure 45 :

 45 Figure 45: Electron microscope, Jeol 2200 FS FEG, operating at 200 KV, equipped with an HAADF-STEM detector (PICT-IBISA platform, Institut Curie, Orsay)

Figure 46 :

 46 Figure 46: The DISCO beamline at the synchrotron SOLEIL (Saint-Aubin, France), which provides the DUV fluorescence microscope. (http://www.synchrotronsoleil.fr/Recherche/LignesLumiere)

(

  below 350 nm). The use of DUV fluorescence microscopy opens up new possibilities in biology. This technique was used for the first time to characterize the localization of nanoparticles in bacteria.

Figure 48 :

 48 Figure 48: Photo of the DUV fluorescence microscope (right) and zoom on the sample holder (left)

Figure 49 :

 49 Figure 49: Gamma rays irradiation protocol

38 α

 38 (kGy-1) represents the induction of double strand breaks (DSB) by radiation. β (dimensionless) corresponds to the capacity of the cell to repair DSB. δ (kGy-1) represents the radiation induced inactivation of the repair protein machinery. The parameters α and δ depend on the radiation dose. The parameter β depends exclusively on the experimental conditions (e.g. genetic background, phase of the bacteria growth, type of medium, oxygenation) but not on the radiation. β can be considered constant in the present experimental conditions (toxicity below 5% and thus bacteria growth unaffected). The fitting procedure must be subject to a careful analysis. One difficulty is that different set of values of the 3 parameters can result in an apparent good fitting process. Thus the expansion of the function S CFU (D) at large D values was considered. When D >> 1 the term ) exp( D α is small, and the usual expansion of the exponential function can be made:

Figure 50 :

 50 Figure 50: Pulsed-field gel electrophoresis system -DrIII (Bio-Rad)

Figure 51 :

 51 Figure 51: Flow-chart of the Oxyblot analysis procedure

  a) Blocking: To avoid non-specific binding of the antibodies to the membrane, the membranes were first blocked with 20 ml 5 % milk in 1x TBST (Tris Base 50 mM, sodium chloride 150 mM, Tween 20, 0.1 %, pH 7.4) , for 4-6 hours with slowly shaking at room temperature. b) Primary Antibody: After blocking, without washing, the membranes were incubated for 1 hour at room temperature with slowly shaking in 15 ml 1X TBST containing the primary antibody (rabbit anti-DNP), dilution TBST: antibody = 150:1) and washed five times (5 min each time) with 20 ml of 1X TBST. c) Secondary Antibody:

  molecular damages. Plasmids consist of circular supercoiled DNA. The induction of a single strand break (SSB) leads to the formation of the relaxed circular conformation. A double strand break (DSB) consists of the induction of two breaks occurring face to face -within ten base pairs -in the two strands separated by 2 nm. The plasmid opens up to form the linear conformation. This damage corresponds to a complex damage of nanometric size. The three forms can be simultaneously separated by agarose gel electrophoresis. The three forms are schematically represented in the Figure 53.

Figure 53 :

 53 Figure 53: The three plasmids conformations

Figure 54 :

 54 Figure 54: Example of agarose gel after 3h migration and result of the densitometry on the right side (Image Quant)
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Figure 55 :

 55 Figure 55: CFU of D. radiodurans cells incubated with different concentrations of PtNPs over CFU of D. radiodurans free of NPs (Control). Two incubation times were tested, respectively 3 hours (A) and 12 hours (B)

  𝑉 !"#!$ : The volume of PtNPs (L) 𝐶 !"#!$ : The concentration of PtNPs (mol L -1 ) 𝑀: The molar mass of Pt atom (g mol -1 ) 𝑉 !"!#$ : The volume of the bacteria culture (L)

Figure 56 :

 56 Figure56: Optical density (OD 600nm ) of D. radiodurans grown in TGY medium at 27°C under agitation and incubated with PtNPs at ratio of 9x10[START_REF] Zimbrick | Studies on radiosensitization of Escherichia coli cells by cis-platinum complexes[END_REF] NPs/cell () or 6x10[START_REF] Corde | Synchrotron photoactivation of cisplatin elicits an extra number of DNA breaks that stimulate RAD51-mediated repair pathways[END_REF] NPs/cell (•), and without PtNPs (□)

Figure 57 :

 57 Figure 57: CFU ratio of D. radiodurans incubated 12 h with PAA (left side column) or PtNPs (right side column); control corresponds to D. radiodurans free of NPs or PAA

Figure 58 :

 58 Figure 58: Optical density (OD 600nm ) of D. radiodurans growth in TGY medium at 27°C under agitation and incubated with PtNPs at ratio of 6x10 6 NPs/cell (•), with PAA, (▲) and without PtNPs or PAA (■)

  the bacteria growth parameters in the different pH medium containing PAA. The neutral pH culture medium was adjusted by adding the NaOH solution. The growth curves of D. radiodurans monitored by measuring the optical density at 600 nm are presented in Figure 59.

Figure 59 :

 59 Figure 59: Optical density (OD600nm) of D. radiodurans grown in TGY medium at 27°C under agitation and incubated with PAA, pH=4.5-5.0 (▲), PAA, pH=6.5-7.0(«) and in absence of PtNPs (■)

1. 1 . 2 .

 12 Localization of PtNPsThe location of NPs was characterized by complementary techniques of microscopy: the Synchrotron Deep-UV fluorescence microscopy (DUV), and the High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-STEM). These were performed with 9x10[START_REF] Zimbrick | Studies on radiosensitization of Escherichia coli cells by cis-platinum complexes[END_REF] PtNPs per cell incubated for 12h.1.1.2.1. Synchrotron DUV fluorescence microscopyDUV microscopy is used to characterize the localization of label-free PtNPs in living bacteria.Its specific excitation window down to 190 nm allows measuring the natural luminescence of nanoparticles that absorb in the Deep-UV spectral range (below 350 nm). In a first step, we determined the spectroscopic properties of a 10 -3 mol L -1 PtNPs diluted in ultrapure water, including the fluorescence excitation and the fluorescence emission. The fluorescence emission spectrum measured at an excitation of λ exc =290 nm and the fluorescence excitation spectrum measured at an emission of λ em =400 nm are presented in Figure60.

Figure 60 :

 60 Figure 60: Fluorescence spectra of PtNPs (10 -3 mol L -1 ) (---) excitation spectrum at λ emi =400 nm; (-) emission spectrum at λ exc = 290 nm

Figure 61 :

 61 Figure 61 : Light transmission images of (a) the control and (b) D. radiodurans incubated with PtNPs. Fluorescence images of (c) the control and (d) D. radiodurans incubated with PtNPs after subtraction of the autofluorescence contribution (the green dots correspond to the fluorescence signal of PtNPs). Figures e and f correspond to the merge images

Figure 62 :

 62 Figure 62: Comparison of the fluorescence intensity in the controls (autofluorescence) and in D. radiodurans loaded with 9×10 5 PtNPs per cell (before noise subtraction), Excitation at λ=298 nm

cells incubated 12

 12 hours with PtNPs at a concentration of 9x10 5 NPs per cell or cell controls in absence of PtNPs are shown in Figure 63.

Figure 63 :

 63 Figure 63: D. radiodurans HAADF-STEM images. A) Overall view of control bacteria. Scale bar 1µm. B-G representative images of controls (B, C, D) and cells incubated with PtNPs (E, F, G). Scale bar 0.5 µm

  HAADF-STEM images of D. radiodurans cells incubated with PtNPs shows the additional presence of small circular bright objects (arrows points in Figure63E, F, G) in the cytoplasm of 95 % of analyzed bacteria. These objects are absent in controls and their pixels values are close to the maximum of the dynamics (corresponding to elements having a Z-number higher than organic elements). Thus they could correspond to PtNPs. High magnification images of these particles does not reveal any periodic organization (data not shown) corresponding to spherical objects. The size distribution is shown in Figure64.

Figure 64 : 1 . 1 . 3 .

 64113 Figure 64: Size distribution of PtNPs in D. radiodurans cell

37 Figure 65 :

 3765 Figure 65: Survival of D. radiodurans free of nanoparticles (■), in the presence of PtNPs (•) irradiated by γ-rays or with PtNPs and DMSO (∆). D 37 corresponds to the dose for 37% colony forming units. The values of D 37 for the control and for D. radiodurans loaded with PtNPs are visualized in the graph by the two arrows on the X axis

Figure 66 :

 66 Figure 66: PFGE of D. radiodurans genomic with and without incubation PtNPs, before and at different times after irradiation (4 kGy). Lane "λ ladder" is a concatemer of λ phage genome (48.5 Kb) used here as a size ladder

Figure 67 :

 67 Figure 67: D. radiodurans cells controls (C) and D. radiodurans cells loaded with PtNPs (NPs) tested in OxyBLOTTM assays to determine the extent of carbonylation after irradiation.Negative controls (-) which were not treated with DNPH

Figure 68 :Figure 69 :

 6869 Figure 68: CFU ratio of D radiodurans incubated with different concentrations of GdBNs, control corresponds to D. radiodurans free of NPs. Two incubation times were tested, respectively 3 hours (a) and 12 hours (b)

Figure 70 :

 70 Figure 70: Fluorescence spectra of GdBNs (10 -3 mol.L -1 ) (---) Fluorescence excitation spectrum at λ emi =440 nm; (-) Fluorescence emission spectrum at λ exc = 360 nm

Figure 71 :

 71 Figure 71: Light transmission images of (a) the control and (b) D. radiodurans incubated with GdBNs. Fluorescence images of (c) the control and (d) D. radiodurans incubated with GdBNs after subtraction of the autofluorescence contribution (the green dots correspond to the fluorescence signal of GdBNs. Figures e and f correspond to the merge images

Figure 72 :

 72 Figure 72: Comparison of the fluorescence intensities in the control (autofluorescence) and in D. radiodurans (Deira) incubated 3 hours or 12 hours with 2.8x10 8 NPs/cell, λ exc =340 nm

Figure 73 :

 73 Figure 73: HAADF-STEM images of Control (a) and D. radiodurans loaded with GdBNs (b)

  Figure 73 a and b respectively.Figure 73 a and b shows D. radiodurans present similar morphology in these two cases, which confirms that GdBNs do not perturb the cell development at the concentration used here. D. radiodurans cells incubated with GdBNs shows the additional presence of small electron dense circular objects. The small bright circular objects exhibit a relatively low intensity compared to the bright dots observed in D.

Figure 74 :

 74 Figure 74: Integrated intensity/cell surface as the function of theroshold using for substract the background of images, HAADF-STEM images analysis, data are obtained by Image-J

GdBN 37 Figure 75 :

 3775 Figure 75: Survival of D. radiodurans free of nanoparticles (■) and in the presence of GdBNs (○) irradiated increasing doses of γ-Rays. D 37 corresponds to the dose neede to decrease survival to 37% colony forming units. The values of D 37 for the control and for D. radiodurans loaded with GdBNs are visualized in the graph by the two arrows on X axis

Figure 76 :

 76 Figure 76: Kinetics of DNA fragment joining in D. radiodurans with and without presence of GdBNs, after 4 kGy of gamma rays irradiation monitored by PFGE

( 2 .7x10 8

 28 NPs per cell) at the irradiation dose of 8 kGy are presented in Figure 77.

Figure 77 :

 77 Figure 77: Proteins extract of D. radiodurans cells free of NPs (C) and loaded with GdBNs (NPs) analyzed with OxyBLOT TM kit to determine their extent of carbonylation. Negative controls (-), which were not treated with DNPH.

1. 3 . 2 .

 32 HAADF-STEM characterization of the localization of AuNPs As previsouly performed for PtNPs and GdBNs, HAADF-STEM used to characterize the cell uptake. Representative images of D. radiodurans incubated with AuNPs and cell free of AuNPs are shown in Figure 79.

Figure 79 :

 79 Figure 79: HAADF-STEM images of Control (a) and D. radiodurans loaded with AuNPs

37 Figure 80 :

 3780 Figure 80: Survival of D. radiodurans free of nanoparticles (control, ■), 12 hours incubated with AuNPs (AuNPs_12 h, ▲) and loaded with AuNPs just before irradiation (AuNPs_0 h,•). D37 corresponds to the dose for 37 % colony forming units. The values of D 37 are visualized in the graph by the three arrows on X axis

Figure 81 :

 81 Figure 81: Survival of D. radiodurans (control, ■), 12 hours incubated with DMSO (◊) and DMSO+AuNPs (○). D 37 corresponds to the dose for 37 % colony forming units. The values are visualized in the graph by the three arrows on X axis

1. 4 .

 4 Discussion on cellular scale experiments As we discussed above, the capacity of PtNPs, GdBNs and AuNPs to enhance the radiation effects of gamma rays were observed on D. radiodurans. The presence of nanoparticles enhances the local electron density and thus the photon induced electron emission in the volume located at the vicinity of the nanoparticles. The efficiency of these different NPs was compared by calculating the amplification factors as defined in Equation 44.

Figure 82 :

 82 Figure 82: Physical processes of bacteria irradiated by gamma rays in the presence of NPs

  nanoparticles can be attributed to the damage of cytosolic targets (RNA, proteins, endoplasmic reticulum, mitochondria…) or cell membranes. In D. radiodurans, PtNPs enter the bacteria and aggregate into the cytoplasm. The amplification of the gamma rays effects by PtNPs can be attributed to an over induction of DNA damage and/or an over oxidation of proteins by HO • , H 2 O 2 or - • 2

Figure 83 :

 83 Figure 83: Ratios of E. coli CFU incubated with increasing concentrations of PtNPs (a, b) or GdBNs (c, d) over E. coli CFU free of NPs (control). Two incubation times were tested, respectively 3 hours (A) and 12 hours (B)

Figure 84 :

 84 Figure 84: Gamma-rays radiation survival of E. coli cells in the presence of a) PtNPs (□) or b) GdBNs (□), compared with the survival of E. coli free of NPs (control, ■)

Figure 84

 84 a, D 37 values for E. coli free of NPs (control) and loaded with PtNPs are 127 Gy and 85 Gy respectively. It shows that, in the presence of PtNPs, the dose required to kill 63 % of cells population (D 37 ) was lowered when combined with gamma rays, corresponding to an amplification factor of 33 %. Therefore, we also demonstrate the efficiency of 3 nm PtNPs in amplifying the radiation effect on this radiosensitive bacterium model. So far, the results of the effect of NPs in combination with gamma rays have been shown here for two models of bacteria, a radiosensitive bacterium -E. coli and a radioresistant bacterium -D. radiodurans. It is of fundamental interest to compare the efficiency of NPs in regard to the cell type. Considering the radiosensitizing effect of PtNPs, which was proved on both organisms, characterized by an amplification factor of 33 % and 16.2 % for E. coli and D.

Figure 85 :

 85 Figure 85: TEM (a) and HAADF-STEM (b) of E. coli cells incubated with PtNPs

plasmid and approximately 1

 1 Pt nanoparticle for two plasmids. (See Material and method, Chapter II) The major difference between the platinum nanoparticles and the salts stems from the arrangement of platinum atoms. In the case of PtTC, platinum atoms are distributed homogenously on plasmids while in the nanoparticles, the atoms are aggregated (Schema 1). Schema 1: The distribution of (a) PtTC; (b) nanoparticles on DNA The induction of simple and complex damages was analyzed by agarose gel electrophoresis (see Materials and Methods section -chapter II). Prior to irradiation, the plasmid pBR322 (Euromedex) contains more than 95 % supercoiled, less than 5 % circular, and no linear forms. (Chapter II, paragraph 3.1) An example of agarose gel obtained for plasmids loaded with PtNPs is presented in Figure 86.

Figure 86 :

 86 Figure 86: Agarose gel electrophoresis of plasmid loaded with PtNPs irradiated by gamma rays

Figure 87 Figure 87 :

 8787 Figure 87.

Equation 46 *

 46 𝐴𝐹 !!",!"# : Amplification factor of SSB and DSB * 𝑚 !!",!"#, !" : Yield of SSB (respectively DSB) per plasmid and per Gray in presence of PtTC or PtNPs * 𝑚 !!",!"#,(!" ! !) : Yield of SSB (respectively DSB) per plasmid and per Gray obtained in the control (free of Pt compounds)The values are reported in

Figure 88 :

 88 Figure 88: (a) Average number of single strand breaks (SSB) and (b) double strand breaks (DSB) obtained in plasmids loaded with different concentrations of PtNPs as listed in the Table 18

Figure 89 :

 89 Figure 89: Amplification factor for SSB and DSB as a function of the NPs concentration

Figure 90 :

 90 Figure 90: (a) Average number of single strand breaks-SSB and (b) double strand breaks -DSB induced by gamma rays in plasmids loaded with different concentrations of PtNPs with or without DMSO

Figure 91 :

 91 Figure 91: (a) Yields of single strand breaks (SSB) and (b) double strand breaks (DSB) obtained in plasmids loaded with GdBNs (▲) or with DMSO+GdBNs (○) and in the control DNA (■)

Figure 92 :

 92 Figure 92: Fast processes (t < 10-12 s) involved in platinum nanoparticles excited by ionizing radiations

  

  

  

  

Table 1 :

 1 Linear energy transfer of different ionizing radiations

		Radiation	Linear Energy Transfer, KeV/µm
	Low LET	Co-60 γ rays 250 kVp X rays	0.2 2.0
		10 MeV protons	4.7
	High LET	150 MeV protons	0.5
		14 MeV neutrons	12.0
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Table 2 :

 2 Summary of the volumes and concentrations of PtNPs tested in this study

	5 . 2	10	6	10	3	1000 /	02 . 6	10	23	1	5 . 1	12 10

  and Equation34).

	N	Gd	10	10	6	L	10	3	NPs L mol 10 /	1	02 . 6	10	23	mol	1	6	10	14	NPs

Table 3 :

 3 Summary of the volumes and concentrations of GdBNs tested in this study c) Effect of the AuNPs on bacteriaThe toxicity of AuNPs was evaluated by measuring the survival of bacteria incubated with different ratio of NPs per cell for 12 hours. Various volumes (0, 1.5 µl, 5 µl, 10 µl, 20 µl, 40 µl and 80 µl) of 10 -3 mol L -1 Au@DTDTPA were added to 100 µl of bacteria culture (OD 600 ~0.3). The protocol of preparation of the bio-collide is summarized in the tableTable 4.

	Bacteria culture (µl)	AuNPs 10 -3 mol L -1	NPs per cell ratio	NPs concentration
		(µl)	(R)	(mg L -1 )
	100	0	0	0
	100	1.5	6.7x10 6	3.2
	100	5	20x10 6	9.3
	100	10	40x10 6	17.7
	100	20	80x10 6	32.5
	100	40	160x10 6	55.7
	100	80	320x10 6	86.7

Table 4 :

 4 Summary of the volumes and concentrations of AuNPs tested in this study

Table 7 .

 7 The

nanoparticles concentrations used here correspond to less than 5 % of toxicity (see chapter 2.2). DMSO (1 %, non toxic concentration) was added in some of the samples to probe the effects of hydroxyl radicals. The samples were incubated 12 h (overnight) under agitation at 27 °C and 37 °C for D. radiodurans and E.coli respectively. The samples were collected the next day morning for irradiation.

Samples Concentrations (NPs per cell ratio ) PtNPs GdBNs AuNPs

  

	D. radiodurans	9.0x10 5	2.7x10 8	6.7x10 6
	E.coli	20x10 5	2.5x10 8	-

Table 7 :

 7 Protocol of samples preparation of D. radiodurans and E.coli, with and without NPs

	2.4.2 Gamma irradiation procedure

Table 8 :

 8 Chemical composition of the separation gel and the stacking gel

	gel	Stacking gel

Table 9 )

 9 .

	Product	pBR 322
	Description	pBR322 was provided by Euromedex .
		pBR322 composite 4361 base pairs, 0.5 µg µl -1
		22.8x10 6 Dalton per molecule
	Storage Buffer	10 ml Tris-HCl (pH 7.6) and 1mM EDTA
	Quality Control	95% supercoiled, 5% circular, and no linear forms

Table 9 :

 9 Characteristics of pBR322

Table 10 :

 10 Example of sample preparation for plasmid DNA irradiation

	) 10DO	TE 1X	PtTC	PtNPs	H 2 O	DMSO	Total
		(µl)	(µl)	(µl)	(µl)	(µl)	(µl)
			0	24	0	23	180

Table 11 :

 11 Parameters α, β and δ fitted from the CFU ratio curves of Figure

	α (kGy -1 )	0.29 ±0.01	0.35 ±0.01	20.6 %
	β (dimensionless)	1.88±0.36	1.88	-
	δ (kGy -1 )	0.35±0.02	0.45±0.04	28.6 %

D. radiodurans D. radiodurans + PtNPs Parameter amplification

Total integrated Intensity x10 8 High brillant integrated Intensity X10 7

  

	D. radiodurans	2.8±0.2	8.2 ±1.7
	D. radiodurans+GdBNs	3.2±0.2	13.0±0.2

Table 12 :

 12 HAADF-STEM images analysis, data are obtained by Image-J

Table 14 :

 14 Parameters α, β and δ fitted from the CFU ratio curves of Figure

		D. radiodurans	D. radiodurans+	D. radiodurans+
		control	AuNPs_0 h	AuNPs_ 12 h
	α (kGy -1 )	0.74±0.10	0.84±0.20	1.04±0.02
	β (dimensionless)	1.73±0.01	1.73±0.01	1.73±0.01
	δ (kGy -1 )	0.12±0.01	0.12±0.01	0.14±0.05

Table 15 :

 15 Amplification factors of D. radiodurans with different NPsAuNPs exhibit 30 % of amplification efficiency in inducing the cell death of D. radiodurans under gamma rays. Cell loaded with PtNPs at the same number of metal atoms (16.4 µmol L -1 ) displayed a lower efficiency, 15 % versus 30 %. In this study, the shape and size of the two NPs is quite similar (Chapter II), as well as the atomic number (Au=79, Pt=78). While the coating group is different, which may affect the internalization of NPs, thus the finally quantity of NPs present in the cells would be different. Further quantitative experiment, such as cyto flowmetry, need to be explored to address this issue. Moreover, as we are not able to mapping the localization of nanoparticles, thus we can not exclude that AuNPs might more localized in the action site in the bacteria.

				Amplification
		NPs concentration	NPs per cell	
				Factor (AF)
	D. radiodurans +PtNPs	16.4 µmol L -1	9x10 5	16.2 %
	D. radiodurans +AuNPs	16.4 µmol L -1	6.7x10 6	30.2 %
	D. radiodurans +GdBNs	47.6 µmol L -1	2.7x10 8	15.4 %
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. 152 3. Discussion on the elementary mechanisms of radiosensitization ....... 154 Chapter IV. EFFECTS OF NANOPARTICLES AT MOLECULAR

  

Table 17 .

 17 Last column shows the ratio

	DSB SSB m m	indicating the yield of

Table 17 :

 17 Yields of SSB and DSB per plasmid per gray induced in plasmids loaded or not with platinum compounds and irradiated by gamma rays

  41) than with nanoparticles (AF DSB =1.58). The induction of nano-size damages is thus favoured with platinum atoms aggregated in nanoparticles. We have also noticed that the ratio

	DSB SSB m m	with
	PtTC (180) was close to the value obtained in the control (173.2±0.2). It shows that SSB and
	DSB increase similarly. However, when plasmids were loaded with PtNPs, the ratio	

DSB SSB m m (132.0±0.2) was much lower than in the control (173.2±0.2).

Table 18 .

 18 It corresponds to nanoparticles per plasmid ranging from 0 to 7.2 NPs per plasmid.

	Samples	Concentration of PtNPs (mol.L -1 )	NPs per plasmid
	DNA	0	0
	DNA+ PtNPs -1	4 . 23x10 -5	0 . 6
	DNA+ PtNPs -2	8 . 46x10 -5	1 . 2
	DNA+ PtNPs-4	16 . 92x10 -5	2 . 4
	DNA+ PtNPs -6	25 . 38x10 -5	3 . 6
	DNA+ PtNPs -8	33 . 84x10 -5	4 . 8
	DNA+ PtNPs -10	42 . 3x10 -5	6.0
	DNA+ PtNPs -12	50 . 76x10 -5	7 . 2

Table 18 :

 18 Concentration of PtNPs used in the Figure88

Table 19 .

 19 The results show that the induction of SSB and DSB increase in the presence of PtNPs even at the lowest concentration of PtNPs used here. The increase of the number of NPs per plasmid from 0.6 to 7.2 was accompanied by an increase (from 121.7 x10 - 4 to 154.5x10 -5 SSB per plasmid per Gray) of the SSB yield and an increase (from 8.89 x10 -5 to 20.66x10 -5 DSB per plasmid per Gray) of the DSB. This corresponds to enhancement of 27 % for SSB and 132 % for DSB.

	Samples	NPs	Induction of strand	Amplification	𝒎 𝑺𝑺𝑩
		per	breaks per plasmid per	factor	𝒎 𝑫𝑺𝑩
		plasm	Gray				
		id	𝒎 𝑺𝑺𝑩	𝒎 𝑫𝑺𝑩	𝑨𝑭 𝑺𝑺𝑩	𝑨𝑭 𝑫𝑺𝑩	
			×𝟏𝟎 !𝟒	×𝟏𝟎 !𝟓			
	DNA		108.4±0.3	6.1±0.2			180.6±0.1
	DNA+ PtTC		147.3±0.2	6.6±0.6	1.4±0.2	1.1±0.3 223.2±0.3
	DNA+ PtNPs -1	0.6	121.7±0.3	8.9±0.6	1.1±0.1	1.5±0.3 136.7±0.2
	DNA+ PtNPs -2	1.2	120.2±0.2	9.3±0.5	1.1±0.1	1.5±0.3 129.2±0.3
	DNA+ PtNPs-4	2.4	133.9±0.2	10.4±0.7	1.2±0.1	1.7±0.4 128.8±0.4
	DNA+ PtNPs -6	3.6	140.1±0.2	16.1±0.9	1.3±0.1	2.7±0.4	87.0±0.5
	DNA+ PtNPs -8	4.8	173.6±0.5	17.9±0.4	1.6±0.2	3.0±0.2	96.9±0.1
	DNA+ PtNPs -10	6.0	152.7±0.3	20.5±1.0	1.4±0.1	3.4±0.5	74.5±0.2
	DNA+ NPs -12	7.2	154.5±0.1	20.7±0.9	1.4±0.1	3.4±0.5	74.6±0.8

Table 19 :

 19 Yields of SSB and DSB per plasmid per gray induced by gamma rays in plasmids free of NPs(DNA), plasmids loaded with PtTC, and plasmids loaded with various concentrations of PtNPsFor a better view, the variation of the amplification factors for SSB and DSB is reported in Figure89. This graph summarizes the effect of the PtNPs concentration on the amplification of nano-size damages. It demonstrates that the induction of complex damages is specific to the presence of nanodesigned radiosensitizers. This scenario is not the same for SSB, a

	maximum of amplification (AF=1.6) was reached for a PtNPs concentration of 4.8 NPs per
	plasmid.

Table 20 :

 20 Yields of SSB and DSB per plasmid per gray induced by gamma rays in plasmids free of PtNPs (DNA) and plasmids loaded with different concentrations of PtNPs-treated or not with DMSO

			Contribution of direct effect	Contribution of indirect effect
		NPs per				
		plasmid	(without DMSO)	(+ DMSO)
			DSB	SSB	DSB	SSB
	DNA	0	7.2 %±0.4	7.3 %±0.2	93.2 %±0.3	93.6 %±0.4
	DNA+PtNPs-4	2.4	7.6 %±0.2	7.1 %±0.5	93.7 %±0.2	93.4 %±0.6
	DNA+PtNPs-6	3.6	4.3 %±0.4	10.8 %±0.2	96.6 %±0.3	90.2 %±0.2
	DNA+PtNPs-8	4.8	3.2 %±0.3	12.4 %±0.5	97.1 %±0.4	87.4 %±0.4

Table 21 :

 21 Yields of SSB and DSB per plasmid per gray induced in plasmids, pure (control) or loaded with GdBNs. DMSO was added in some experiments

		Induction of strand			
		breaks per plasmid	Amplification factor	
		per Gray			𝒎 𝑺𝑺𝑩
						𝒎 𝑫𝑺𝑩
		𝑚 !!"	𝑚 !"#			
		×10 !!	×10 !!	𝐴𝐹 !!"	𝐴𝐹 !"#	
	Pure DNA	109.3±2.6	7.1±0.4			153.9±0.2
	DNA+GdBNs	126.4±1.3	13.6±0.4	1.1±0.1	1.9±0.2	92.9±0.3
	DNA+GdBNs+DMSO	6.0±0.1	1.2±0.1			

LIST OF ACRONYMS AND ABBREVIATIONS

AF Chapter III. EFFECTS OF NANOPARTICLES IN BACTERIA

In the past, the capacity of high-Z nanoparticles to amplify the effects of ionizing radiations, high photons and charged particles, have been proved on different lines of eukaryotes loaded with different nanoparticles.

The challenge of my work was to investigate the effect of high-Z nanoparticles on other organisms in the perspective to probe the universal character of the radiosensitization phenomenon -i.e. the capacity of nano-radiosensitizers to amplify radiation effects in all the biosystems.

In this study, the radiosensitizing properties of platinum, gadolinium and gold nanoparticles were tested on prokaryotes. We choose as an alternative probe the most radioresistant organism ever reported, Deinococcus radiodurans (D. radiodurans). [START_REF] Zahradka | Reassembly of shattered chromosomes in Deinococcus radiodurans[END_REF][START_REF] Fredrickson | Geomicrobiology of high-level nuclear waste-contaminated vadose sediments at the Hanford Site, Washington State[END_REF] D. radiodurans exhibits an extraordinary ability to reconstruct its functional genome for dose radiations up to few kilo Grays, [START_REF] Confalonieri | Bacterial and archaeal resistance to ionizing radiation[END_REF][START_REF] Blasius | Deinococcus radiodurans: what belongs to the survival kit?[END_REF] whereas the genomes of most of other organisms are irreversibly shattered under the same conditions. For comparison, the effects of nanoparticles were tested in parallel on a radiosensitive bacterium, Escherichia coli (E. coli).

For each organism, the characterization of the nanoparticles effects on bacteria consisted of three steps. First, a toxicological study was conducted. In a second step, the intake and the localization of the NPs in bacteria were characterized using complementary microscopy techniques. Third, the radiosensitizing effect was probed under gamma-ray radiation.

The results of these investigations are reported in the paragraph 1 for D. radiodurans and in paragraph 2 for E. coli. In the end of this chapter, the results obtained for the two cell lines are compared.

Effect of nanoparticles in D. radiodurans

In this part, we report in successive sub-chapters the results obtained with platinum nanoparticles (PtNPs), gadolinium based nanoparticles (GdBNs), and gold nanoparticles (AuNPs) on D. radiodurans irradiated by high-energy photons ( 60 Co gamma rays). The studies of nanotoxicity and localization of the NPs are also reported.

Effect of PtNPs

However, it is interesting to note that the increase in the value of the parameter δ (28.6 %) is significantly larger than for α (20.6 %). Ιt suggests that the enhancement of the cell death in presence of PtNPs is mainly related to a decrease in the activity of the proteins repair. In other words, the radiosensitization is driven by the production of HO° but also by its recombination in H 2 O 2 .The latter molecule H 2 O 2 is less oxidant than HO°but is known to damage preferentially the proteins. This indicates that the mechanisms of radiosensitization of the PtNPs are inhibited mainly because of the protection of the protein machinery. This result demonstrates that the inactivation of repair proteins play a key role, not only in the cell death, but also in its amplification induced by radiosensitizers. This finding is in agreement with the results obtained by Daly et al., who proposed that limiting the oxidization of protein machinery plays a major role for the radioresistance of D. radiodurans. [START_REF] Davies | Protein damage and degradation by oxygen radicals. II. Modification of amino acids[END_REF] 1.1. radiodurans after irradiation can be monitored by pulsed-field gel electrophoresis (PFGE).

We compared the efficiency of chromosomal DNA repair of cells incubated without or with PtNPs (9x10 5 PtNPs per cell), at the irradiation dose of 0 and 4 kGy, as shown in Figure 66.

The irradiation was performed with [START_REF] Albanese | Modulation of intercellular communication mediated at the cell surface and on extracellular, plasma membrane-derived vesicles by ionizing radiation[END_REF] Co γ-Rays (LET=0.2 keVµm -1 , dose rate= 1.4 kGy h -1 ).

Following exposure to doses of 4 kGy of ionizing radiation, D. radiodurans genome is shattered by double strand breaks, illustrated by a broad smear of lower-molecular-weight fragments (< 1kbp) in Figure 66.

CONCLUSIONS AND PERSPECTIVES

The use of nanoparticles to improve the performances of radiation therapies is a rapidly developing field of investigation. First clinical trials started and fundamental knowledge of the underlying mechanisms is needed to establish future treatment protocols. The major motivation of my thesis was to better understand the mechanisms involved in the radiosensitization induced by NPs in living cells treated by ionizing radiations. The challenge was to probe the effect of radiosensitizers in organisms other than eukaryotic cells, in order to evaluate the role of early stage mechanisms.

The subject of my work was essentially focused on two aspects. First, the efficiency of high-Z nanoparticles was tested on a new model, the extremely radioresistant D. radiodurans bacteria.

This cellular model was chosen because of its specific ability to resist to high dose radiation as due its endogenous scavenging system. The effect of three high-Z nanoparticles (platinum, gadolinium and gold nanoparticles), potential nanodrugs already tested on eukaryotic cells, were tested in this study. Gamma rays were used as ionizing radiation. A multiscale approach, from cellular to molecular scale was used to address the underlying mechanisms of radiosensitization, and to link the physical events (t<10 -12 s), to the consecutive chemical reactions (t<10 -6 s) arising in the nanoscale range up to the biological consequences.

Cellular scale experiments demonstrated that high-Z metal nanoparticles amplify the effects of gamma radiation in bacteria, even in the most radioresistant bacteria-D. radiodurans. The amplification of the gamma rays effects by NPs was attributed to an over production of DNA damage and/or an over oxidation of proteins by HO°, H 2 O 2 , and O 2 -, which exceeds the capacity of the endogenous scavenging system. Our results suggested that the functions of repair proteins are the most affected by the action of the nanoparticles. The macroscopic assay Oxyblot TM did not reveal any increase of the oxidization state of the global proteins pool, which confirms that the effect of NPs is not macroscopic but very local and non-reversible.

Molecular scale experiments confirmed that the NPs increase the induction of nanoscopic molecular damages. These biodamages are due to the production of radical clusters around the NPs. These radical clusters are attributed to the activation of NPs and the emission of electron burst in the close surrounding. complete understanding of these underlying processes that the full potential of NPs based approaches for therapeutic radiosensitization will be applied.