Antonia Youssef 
  
Anne Von Koschembahr 
  
Sylvain Caillat 
  
Sebastien Corre 
  
Marie-Dominique Galibert 
  
Thierry Douki 
email: thierry.douki@cea.fr
  
David Béal 
  
Etienne Bourga 
  
Alex Rivier 
  
Marie Marques 
  
Marie-Thérèse Leccia 
  
Jean-Philippe Giot 
  
Anne Maitre 
  
Leslie Gudimard 
  
F Chaput 
  
F Lerouge 
  
J Garrevoet 
  
D Brueckner 
  
B Busser 
  
L Sancey 
  
b]carbazole (FICZ) is a Very Minor Photoproduct of Tryptophan at Biologically Relevant Doses of UVB and Simulated Sunlight †
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Exposure to solar UV is at the origin of numerous photodegradation pathways in biomolecules. Tryptophan is readily modified by UVB radiation into ring-opened and oxidized photoproducts. One of them, 6-formylindolo[3,2-b]carbazole (FICZ), has been extensively studied in the recent years because it very efficiently binds to AhR, a major factor in numerous biologic processes, such as metabolism of xenobiotics. Unfortunately, little information is available on the actual yield of FICZ upon exposure to low and biologically relevant doses of UV radiation. In the present work, we used a sensitive and specific HPLC-tandem mass spectrometry assay to quantify a series of photoproducts induced by UVB and simulated sunlight (SSL) in solutions of tryptophan. FICZ represented only a minute amount of the photoproducts (0.02 and 0.03%, respectively). Experiments were repeated in culture medium where the yield of FICZ was also found to be very low, even when Trp was added. Last, no FICZ could be detected in cytosolic fractions of cultured cells exposed to SSL. Altogether, the present results show that FICZ is a very minor photoproduct and that it cannot be considered the only endogenous photoproduct responsible for the induction of AhR-dependent responses in UV-irradiated cells.

"Science never solves a problem, without creating ten more."

George Bernard Shaw
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Introduction

Radiotherapy is a local or locoregional modality of cancer treatment. It was used for the first time more than 100 years ago, in 1896, to treat an advanced breast cancer, one year after the discovery of X-Rays by Röntgen [START_REF] Bernier | Radiation oncology: a century of achievements[END_REF]). It became since the most used treatment for cancer: more than 50% of all patients, and particularly 40% of cured patients receive or have received radiotherapy as part of their treatment. It can be curative and used as the main treatment modality, or it can be used in combination with other modalities. Irradiations are mainly delivered through external beam radiotherapy (EBRT) which uses high energy photons. Other modalities are also used, but to a lower extent, such as brachytherapy, radionucleide therapy, electron therapy, hadrontherapy, and flash therapy, among others [START_REF] Owadally | Principles of cancer treatment by radiotherapy[END_REF].

The response of the tumor to radiotherapy is different from one cancer type to another. There are sensitive (e.g., lymphoma and seminoma), moderately sensitive (e.g., breast and lung) and poorly sensitive (e.g., melanoma and osteosarcoma) types [START_REF] Evans | Principles of cancer treatment by radiotherapy[END_REF]. The biological basis of radiotherapy relies on the cell death induced by secondary charged particles that are produced following X-ray interaction with the matter, by free radicals that induce DNA damage and on the presence of oxygen in the tumor. The sensitivity of the tumors depends on the ability of tissues to repair the damage. Damage that is not repaired triggers apoptosis in cells as they attempt to replicate during mitosis [START_REF] Greenhalgh | Principles of chemotherapy and radiotherapy[END_REF]. Apoptosis is a form of programmed cell death that is initiated when a lot of damage cannot be repaired. It is a critical factor in the resistance of cancer cells to the treatment. An increase in expression of antiapoptotic proteins and a down-regulation of the proapoptotic proteins allow the cells to resist and not enter into apoptosis. Thus, they become resistant to traditional treatments like radiotherapy [START_REF] Pfeffer | Apoptosis: A Target for Anticancer Therapy[END_REF].

There have been many advances in the field of radiotherapy whether in the types and ways of delivery or in trying to limit the side effects that will be explained in a further section.

Clinical indications

Radiotherapy can be a radical or a palliative cancer treatment. It can be used as a definitive treatment, by itself, to treat certain tumors such as those of the prostate, anus, head and neck, and bladder. It has the advantage of preserving the organs when compared to surgery, even if it can induce damage to the healthy parts of the organ. It can also be used in conditions where patients are not suitable for surgery, or when the tumor is very close to major organs at risk. It can also be a neoadjuvant or an adjuvant treatment when given before or after surgery, respectively. For example, it is used in some cases of rectal cancer before surgery to reduce the risk of recurrence and in early breast cancer for patients who had gone a breast-conserving surgery instead of a mastectomy. When given for relapse after surgery, it is considered a salvage radiotherapy. For example, it can be used in the follow-up of prostate cancer patients after having a prostatectomy when they start to have increased levels of PSA (prostate-specific antigen). Radiotherapy can also be palliative to control symptoms and reduce pain in some kinds of cancers. At least 60% of patients with bony metastasis feel less pain when they receive radiotherapy [START_REF] Evans | Principles of cancer treatment by radiotherapy[END_REF].

Physical, chemical, and biological phases of radiotherapy

The effects of radiotherapy on the tissues are divided into different phases. The chronology of these events can be seen in Figure 1. They start with the physical phase that takes femtoseconds, during which the radiation is absorbed and leads to the ionization and the excitation of molecules through the displacement of electrons. It is followed by the chemical phase; there is a production of radicals and reactive oxygen species that diffuse and react with the cellular components and induce the formation of new species and damage to the biological molecules. These whole reactions happen in the order of seconds. As a result, in the biological phase, the DNA damage is formed and the biological processes are subsequently activated, including the repair mechanisms. At this point, different scenarios can take place. The DNA damage can be repaired. The death of tumor cells can occur, due to the direct effects of radiation or to cellular and tissular responses such as the enhancement of the immune system or the reduction of the tumor vascularity [START_REF] Owadally | Principles of cancer treatment by radiotherapy[END_REF]. Or, in the case the damage cannot be repaired, there will be accumulation of DNA mutations leading to cancer.

Fractionation

Radiotherapy aims at creating irreversible damage to the cellular DNA that will induce the death of cancer cells. The greatest risk of radiotherapy is the damage created in the surrounding healthy tissues while trying to cure the tumor. Most of the times, the dose required to control the tumor growth is higher than the tolerance of surrounding normal tissues as shown in Figure

2 [START_REF] Withers | Biological basis of radiation therapy for cancer[END_REF]). Figure 2. At any dose, there is a balance between the tumor control and the complications to normal tissue. In this example, for a dose C, there is a 90% probability of controlling the tumor but 75% of causing damage to the normal tissue.

There are four radiobiological principles, known as the 4 R's, that explain the interest of fractionation. The first one is that fractionation gives the time for normal cells to repair the damage caused by the irradiation. The activation of the DNA damage recognition and repair pathways allow the repair of most of the damage in healthy tissues. However, as tumor cells have defects in the DNA damage response (DDR) pathways, they won't be able to entirely repair this damage which will be accumulated during the treatment and ultimately lead to cellular death. The second principle is the redistribution of the cells in the cellular cycle; cells have different levels of radioresistance depending on their stage in the cell cycle. They are more sensitive to ionizing radiation in the G2/M-phase. During fractionated radiotherapy, resistant cells in phase S that have not been killed have time to redistribute in the cell cycle in phases where they are more sensitive. Another factor affecting the sensitivity of tumor cells to radiotherapy is hypoxia [START_REF] Zhou | Novel Implications of Nanoparticle-Enhanced Radiotherapy and Brachytherapy: Z-Effect and Tumor Hypoxia[END_REF]. Hypoxic regions of the tumors are known to be radioresistant. The radiotherapy allows the reoxygenation of these regions by many mechanisms such as the reduction of the intratumoral pressure and the normalization of the vasculature. The reoxygenation of the hypoxic regions between fractions leads to their radiosensitization, which increases the efficiency of radiation treatment. The last principle is the repopulation. Cancer stem cells have the ability to grow rapidly through symmetric cell division giving rise to more cancer cells. The fractionation allows to kill more cancer cells in the proliferative state, hence the importance of completing the treatment on time without delays or missing fractions. The fractionation also allows the cells of the proliferative healthy tissues to regenerate between two doses of irradiation [START_REF] Pajonk | Radiation Resistance of Cancer Stem Cells: The 4 R's of Radiobiology Revisited[END_REF].

Radiotherapy is usually delivered in a series of daily fractions of 1.8 to 2 Gy over a period of time going from 6 to 8 weeks [START_REF] Allen | Radiotherapy for Cancer: Present and Future[END_REF]. Other types of unconventional fractionation are showing beneficial effects. For instance, hyperfractionation (doses less than 1.5 Gy per day) results in a shortened time for the treatment. This allows to avoid the repopulation of cancer stem cells and recurrence of the cancer. Also, hypofractionation, with dose fractions higher than 2.5 Gy per day, has shown an interest in local control rates in whole breast radiotherapy for example. It also has a significant impact on the resource and economy since fewer fractions are required [START_REF] Choong | Radiotherapy: basic principles and technical advances[END_REF].

Ways of radiation delivery

There are three main ways to deliver radiation: external beam radiotherapy, brachytherapy (internally, using implanted radioisotopes) and injected radioisotopes.

The most common type is EBRT that can be generated using different machines. The linear accelerators (Linac) are the most used equipment; they can deliver high-energy photons or electrons. The photons are produced by the collision of accelerated electrons on a metal target.

They are used for the treatment of deep-seated tumors since they can penetrate deep in the body while delivering a low dose to the skin. On the other hand, the penetration of electrons in tissues is limited with a rapid fall-off in the dose a few centimeters depth from the skin surface. They are thus used to treat superficial targets such as skin lesions. Cobalt units can also be used, they depend on the decay of a radioactive cobalt-60 source and they produce dichromatic beams of 1.17 and 1.33 MeV, resulting in an average beam energy of 1.25 MeV. The cobalt-60 isotope has a half-life of 5.3 years. In addition, hadron therapy is an innovative technique to treat cancer. Hadrons are subatomic particles that are bond with a strong nuclear force. Hadron therapy consists in using accelerators of such particles to send beams of high energy that can target tumors more precisely than X-ray radiation to deposit the energy with extreme precision at a specific distance from the surface, therefore limiting the unwanted dose delivered to healthy tissues. The first particles used were protons and neutrons, then helium, carbon, oxygen and neon started to be deployed [START_REF] Orecchia | Particle beam therapy (hadrontherapy): basis for interest and clinical experience[END_REF].

Radiotherapy can also be delivered internally, using radioisotopes. Brachytherapy consists in using a sealed radioactive source. It is placed temporarily or permanently, directly in vicinity of the tumor or in a close body cavity to allow the source to travel through to the treatment area.

Another form of internal radiotherapy is the use of unsealed sources of radioisotopes that can be injected or ingested. For example, radioiodine ( 131 I) is used for thyroid cancers and strontium ( 89 Sr) is used for the treatment of bone metastasis [START_REF] Choong | Radiotherapy: basic principles and technical advances[END_REF]).

Process of the treatment

The process of radiotherapy is complex and must take into account all physical and biological events to ensure an accurate and safe delivery of the treatment. It consists in three main steps.

It starts with immobilization, imaging and target volume definition. The patients are immobilized in the treatment set-up position. They are placed on the treatment couch in a comfortable, reproducible way allowing the optimal delivery of the radiation. After immobilization, a computed tomography (CT) scan is performed to define the area to be treated.

The CT result, coupled to all the diagnostic information from other exams (for example, MRI or PET scan, ultrasound, etc.), allows to draw four characteristic volumes. The gross tumor volume is the actual, visible volume of the tumor on the CT scan. This volume is extended because of potential inaccuracies due to microscopic spread of the tumor to form the clinical target volume. Another margin can be added to consider the movement of the tumor termed internal target volume. A final margin, allowing to define the planning target volume, takes into consideration the set-up inaccuracies due to the patient positioning or internal organ movement.

This step is followed by the treatment planning. It consists in creating individualized plans for treatment by defining the optimal beam rearrangement in order to treat the planning target volume and minimize the dose received by organs at risk surrounding the tumor. Once the treatment plan is approved, the final part of the process is the treatment delivery and set-up verification. The patients should be positioned the same way as the initial scan to ensure the correct delivery of the radiation. 2D X-rays imaging or CT scans in the treatment room prior the delivery allow the correction of any positioning errors [START_REF] Choong | Radiotherapy: basic principles and technical advances[END_REF].

Side effects

The side effects of radiotherapy are mostly localized in the treatment area, but fatigue is also a common side effect frequently observed [START_REF] Evans | Principles of cancer treatment by radiotherapy[END_REF]. Side effects are classified into early (acute) or late side effects depending on the time of their appearance. The limit of distinction between the two is set to be 90 days after completion of the treatment. The acute effects, such as epidermis, mucositis, etc., occur in tissues with high proliferation. This damage can be usually repaired through cellular repair mechanisms and repopulation from stem cells, either surviving in the tissue or migrating from outside. Of great concern are the late effects, which occur 9 months to 5 years after treatment. They occur in slowly proliferating tissues due to the accumulation of damage where repopulation is not effective. They include for example fibrosis, nerve damage, vascular damage, necrosis, etc. In addition, the radiation is carcinogenic itself and can result in secondary cancers, especially in the young [START_REF] Greenhalgh | Principles of chemotherapy and radiotherapy[END_REF].

Strategies to improve radiotherapy

The damage caused to the surrounding healthy tissues surrounding the tumor remains a limiting factor during radiotherapy. Throughout the years, there have been changes and advances in radiotherapy that allow a better therapeutic ratio. This ratio shows the relationship between the unwanted and the desired effects of radiotherapy [START_REF] Greenhalgh | Principles of chemotherapy and radiotherapy[END_REF]). Along the fractionation, which is the principal way to increase this ratio, other approaches have been described to enable a better efficacy of the treatment or to reduce the side effects [START_REF] Khalifa | Gene therapy and cell therapy for the management of radiation damages to healthy tissues: Rationale and early results[END_REF].

One way to increase the efficiency of radiotherapy is to administer it in combination with different types of systemic agents to increase the tumor cell control. The main types of combinational radiotherapy are the following.

Chemo-radiotherapy

Chemo-radiotherapy is the gold treatment for most of the locally advanced and inoperable tumors like lung cancer, head-neck cancer and cervical cancer [START_REF] Koukourakis | Combining the past and present to advance immunoradiotherapy of cancer[END_REF]. Chemotherapy agents may be administered prior the irradiation, or they may be delivered simultaneously [START_REF] Rose | Chemoradiotherapy: the new standard care for invasive cervical cancer[END_REF]. For example, cetuximab, a monoclonal antibody against the epidermal growth factor receptor (EGFR) receptor, is used with radiotherapy in head-neck cancer. Cisplatin, a cytotoxic drug, is used for cervical cancer. Hormones such as antiandrogens are usually given three months before starting radiotherapy in prostate cancer to

give time for the prostate to reduce in volume [START_REF] Owadally | Principles of cancer treatment by radiotherapy[END_REF].

Immuno-radiotherapy

The body itself, and more specifically the immune system, can be a factor in the cure or the progression of cancers treated with radiotherapy. The immune cells (like macrophages and activated T-cells) have a major role in the elimination of cancer cells after they have been irradiated [START_REF] Koukourakis | Combining the past and present to advance immunoradiotherapy of cancer[END_REF]. However, radiotherapy can also induce an anti-immunogenic microenvironment near the tumor by the recruitment, proliferation and polarization of immunosuppressive cells which can lead to the tumor growth after the treatment [START_REF] Shevtsov | Novel Approaches to Improve the Efficacy of Immuno-Radiotherapy[END_REF]). In the last era, the use of immune checkpoint inhibitors (ICIs) in cancer therapeutics has shown improved outcomes of the treatment [START_REF] Wang | Radiotherapy as a New Player in Immuno-Oncology[END_REF]. In addition, radio-vaccination has shown promising results in increasing the efficacy of immunotherapy which is then called Active Specific Immunotherapy (ASI). It consists in immunizing the cancer patients against their own tumors by reintroduction of the harmless irradiated cells from their tumors in their bodies [START_REF] Koukourakis | Combining the past and present to advance immunoradiotherapy of cancer[END_REF].

Not only combined treatment can be used, but also the modality of irradiation can be optimized in order to have a better radiotherapy outcome. These modalities are described below.

Intensity-modulated radiotherapy (IMRT)

It consists in applying several intensity profiles using multiple beams or a beam rotating 360° around the patient. It allows a better coverage of the target volume while sparing the normal tissues since it can achieve complex concave shapes with the use of multileaf collimators. It also allows to deliver different doses to different targets simultaneously [START_REF] Owadally | Principles of cancer treatment by radiotherapy[END_REF]. Arc therapy is a modality of IMRT where the beam is continuously switched on and off while rotating around the patient. The dose distribution is modulated by changing the shape of the beam, the dose rate, and the speed of rotation [START_REF] Choong | Radiotherapy: basic principles and technical advances[END_REF].

Image-guided radiotherapy (IGRT)

The progress in the imaging field and the use of machines with built-in X-ray imaging or CT scanning daily, before or during treatment [START_REF] Owadally | Principles of cancer treatment by radiotherapy[END_REF] allows to correct the errors coming from the position and the internal movement of the tumor and organs at risk. As a result, smaller safety margins are needed, and the dose is delivered accurately while reducing the risk for healthy tissues [START_REF] Choong | Radiotherapy: basic principles and technical advances[END_REF].

Stereotactic radiotherapy (SRT)

This modality combines two techniques: stereotaxy and radiotherapy. It uses the stereotactic frames to deliver radiotherapy with a higher precision. It allows to precisely treat small targets while sparing surrounding tissues; it delivers a very high dose with a fast dose fall-off after [START_REF] Choong | Radiotherapy: basic principles and technical advances[END_REF]. It can be used to treat for example brain cancer [START_REF] Choong | Radiotherapy: basic principles and technical advances[END_REF], liver and lung cancer [START_REF] Lax | Stereotactic Radiotherapy of Malignancies in the Abdomen: Methodological aspects[END_REF] as well as oligometastatic cancer (Otake and Goto 2019).

However, the healthy tissues are not completely spared and there is no contrast in the dose between them and the tumor.

Flash therapy

Flash therapy is a new technique that consists in delivering ultra-high dose rate radiation (higher than 40 Gy/s and up to 1000 Gy/s (Montay-Gruel et al. 2017)), a lot higher than what is currently used in conventional radiotherapy (0.03 Gy/s) [START_REF] Symonds | FLASH Radiotherapy: The Next Technological Advance in Radiation Therapy?[END_REF]. It is based on three parameters: a high dose-rate irradiation, a short irradiation time (ms) and large single doses delivered [START_REF] Mazal | FLASH and minibeams in radiation therapy: the effect of microstructures on time and space and their potential application to protontherapy[END_REF]. Its advantage is that the ultra-high dose rate radiation decreases the normal tissue toxicities while still maintaining local tumor control. The mechanisms responsible for this differential effect between the tumors and healthy tissues are not yet understood and remain to be elucidated. This effect has been observed in different studies invitro and in-vivo in the last recent years. The limitation of this technique is that it uses mostly electron beams with low tissue penetration. An alternative using proton beams is promising as the dose can be deposited deeper and more specifically within the tissue (Hughes and Parsons 2020).

I.2. Radiation effects

1. Interactions of X-rays with the matter X-rays are of great importance in the medical field for both imaging and treatment. There are different types of interactions between X-rays and the matter. The most important ones are the photoelectric effect, the Compton effect and pair production [START_REF] Seibert | X-Ray Imaging Physics for Nuclear Medicine Technologists. Part 2: X-Ray Interactions and Image Formation[END_REF], as illustrated in the following figures.

Photoelectric effect

This is the process where an incident photon with low energy transfers its energy to an electon of an inner shell of an atom, the incident photon is completely absorbed in the process. If the energy of the incident photon is greater than the binding energy of the electron, the electron is ejected from the electron cloud and is called a photoelectron. The energy of the photoelectron is the energy of the incident photon minus the binding energy of the electron. The atom, in an excited state, can release the excess of energy by two processes: either by the emission of fluorescence photons, or by the emission of low energy Auger electrons.

Compton effect

The interaction of an incident photon with an electron from the outer atomic shells results in the ejection of the electron. The incident photon is scattered and imparts part of its energy to the electron. 

Pair production

The pair production can only occur if the incident photon energy is at least 1.022 MeV (the rest mass energy equivalent of two electrons). It occurs in the electromagnetic field of the nucleus of the target atom. The incident photon is absorbed and there is generation of an electron / positron pair.

Biological consequences

The The biological radio-induced consequences can result from a direct effect when electrons interact directly with the DNA during irradiation, and they can be also due to an indirect effect via electron-induced water radiolysis. Radiolysis of water leads to many chemical species, including free radicals such as OH • and H • . Hydroxyl radicals can recombine to form H2O2, a reactive oxygen species that is also toxic to cells or react with organic molecules and various proteins that are essential for cell metabolism.

DNA lesions

The cellular DNA is subject daily to many structural and architectural changes leading to the formation of lesions. These lesions are due to internal sources such as the oxidative metabolism, also called cell respiration or aerobic metabolism. It is the main process that provides energy to the cellular system. However, it results in the creation of reactive oxygen species (ROS) due to inefficiency of electron transport, which can lead to oxidative stress (Bottje 2019). To limit the formation of lesions caused by these ROS, the cells have efficient enzymatic anti-free radical and antioxidant defense systems in order to maintain genome stability and avoid potential cancers and limit the ageing process. DNA lesions can be single strand breaks (SSB) where one of the two strands of DNA is broken. SSBs are efficiently repaired in a few minutes. When both strands of DNA are lesioned and the two lesions are not separated by more than 10 nucleotides, the break is called double strand break (DSB) and it is more complicated to repair. The destruction of sugars can also occur and leads to the release of bases and thus to the formation of abasic sites. There might also be altered bases, cross-links, and locally multiply damaged sites (LMDS). The LMDS are lesions that are grouped in the same small area of the DNA molecule, making the repair more complex. The types of lesions induced by the interaction of ionizing particles with the matter are mainly identical to those induced endogenously by the ROS. Table 1. Table resuming the number of the different DNA lesions occurring after an irradiation and due to the cellular metabolism (internal mechanisms). shows a comparison between the number of daily lesions in the cell and the number of lesions due to irradiation [START_REF] Burkart | Damage pattern as a function of radiation quality and other factors[END_REF].

Table 1. Table resuming the number of the different DNA lesions occurring after an irradiation and due to the cellular metabolism (internal mechanisms).

Even though the number of daily endogenous DNA lesions is higher, they are rather distributed in a homogeneous way in the DNA which makes their repair easier. However, the damage caused by irradiation is highly localized in the same spot in the DNA, forming clustered damage sites or LMDS. These clustered lesions are more difficult to repair by the repair mechanisms [START_REF] Lomax | Biological Consequences of Radiation-induced DNA Damage: Relevance to Radiotherapy[END_REF].

Cellular response and DNA damage repair

Following irradiation, the cells initiate the DNA repair process. Many and different checkpoints control the functioning of a normal cell cycle and the passage from one phase to another (Figure 8). After irradiation, the response to DNA damage is the same during any time. The DNA lesions are recognized by sensor proteins along with mediators, which activates the signal transducing kinases (ATM and ATR). These proteins named kinases are able to activate other proteins by phosphorylation. They activate effector kinases (CHK1 and CHK2) that contribute to the amplification of the signal. In addition, they activate mediators such as ϒH2AX and 53BP1, which recruit effector proteins to the lesioned DNA sites. Once activated, these effector proteins determine the end result of the DDR: DNA repair, activation of the cell cycle checkpoints, or even cell death [START_REF] Freeman | Phosphatases in the cellular response to DNA damage[END_REF].

Since the DNA lesions are various, there are many types of possible repair pathways. These include base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR) and double strand breaks repair by homologous recombination and non-homologous endjoining [START_REF] Houtgraaf | A concise review of DNA damage checkpoints and repair in mammalian cells[END_REF]. As for cell death, it is classified depending on the enzymes implicated, the functional characteristics and immunological aspects of the cells. The main modalities are apoptosis, autophagy, necrosis and mitotic catastrophe [START_REF] Kroemer | Classification of cell death[END_REF]).

Radiation dose-enhancement effect (RDE)

The increase in radiation dose in the presence of high-Z elements was first observed clinically in 1978 by Norman and collaborators [START_REF] Norman | Cytogenetic Effects of Contrast Media and Triiodobenzoic Acid Derivatives in Human Lymphocytes[END_REF]. Their study showed lymphocytes from patients who underwent cardiac angiography had increased radiation-induced damage.

Cardiac angiography is an imaging technique of the vascular system combining an iodinated contrast agent with X-ray exposure at low energy X-rays (65 kVp source). Two hypotheses were suggested to explain these results. Either a higher radiation dose was delivered to the lymphocytes (induced by photoelectric interactions with the iodine atoms), or a higher formation of chromosomal aberrations occurred (induced by the presence of the iodinated contrast agent alone). Another research work published in 1988 proved that the photoelectric effect was responsible for these observations. Indeed, cytotoxicity was increased when lymphocytes were irradiated in the presence of iodine with a 250 kVp source [START_REF] Dawson | Synergistic cytotoxicity of iodinated contrast agents and x-radiation[END_REF]), but no effect was observed when irradiated with a cobalt source (1.25 MeV), where the photoelectric effect is of minor importance. The interactions between X-rays and the matter are related to the energy of the radiation and the physical characteristics of the matter, such as the atomic number and the mass attenuation coefficient. As shown in Figure 9, the photoelectric effect is predominant in the low energies range (keV) for atoms of high atomic number Z, while the Compton effect is predominant for higher energies (MeV range) (Abdel-Rahman and Podgorsak 2010).

The mass attenuation coefficient µ/ρ (cm²/g) represents the ability of the matter to absorb and scatter radiation per unit mass. It depends on the atomic number of the atom and the energy of the incident X-rays. The mass attenuation coefficient is used to calculate the intensity of a transmitted beam. As an example, the mass attenuation coefficients of water (which is close to that of tissues) and of two heavy elements (lutetium and lanthanum) are represented in Figure 11Error! Reference source not found. as a function of the incident photon energy. There is a sharp increase (K-edge) in the mass attenuation coefficients above the characteristic K-binding energies of lanthanum at 38.9 keV and lutetium at 63.3 keV.

While the mass attenuation coefficient takes into account the absorption and the diffusion of photons in the matter, the mass energy absorption coefficient only represents, as its name indicates, the energy absorbed locally by the material. This coefficient is used to calculate the radiation dose. The dose (Gy) is the energy deposited by ionizing radiation per unit mass of matter:

1 𝐺𝑦 = 1 𝐽/𝑘𝑔 (1.1)
It can be locally calculated using the following equation:

𝐷 = 𝜇 𝑒𝑛 𝜌 x ∅ x 𝐸 x 1000 (1.2)
Where D is the dose (Gy), µen/ρ is the mass energy absorption coefficient (cm²/g), ∅ is the incident photons flux (ph/cm²) and E is the energy (J).

The mass energy absorption coefficient of a solution (µen/ρ)sol is approximated using the mass energy absorption coefficients of each element i and their mass fraction (i = Mi/M) in the solution:

( 𝜇 𝑒𝑛 𝜌 ) 𝑠𝑜𝑙 = ∑ 𝜔 𝑖 . ( 𝜇 𝑒𝑛 𝜌 ) 𝑖 𝑛 𝑖=1 (1.
3)

The dose-enhancement factor (DEF) is defined as: Considering a mixture of a high-Z elements in water with a mass fraction Z << 1, the DEF can be approximated by the following equation:

𝐷𝐸𝐹 = 𝐷𝑜𝑠𝑒 𝑖𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 ℎ𝑖𝑔ℎ-𝑍 𝑎𝑡𝑜𝑚𝑠 𝐷𝑜𝑠𝑒 𝑖𝑛 𝑎𝑏𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 ℎ𝑖𝑔ℎ-𝑍 𝑎𝑡𝑜𝑚𝑠 (1.4)
𝐷𝐸𝐹 = (𝜇 𝑒𝑛 𝜌 ⁄ ) 𝑍 (𝜇 𝑒𝑛 𝜌 ⁄ ) 𝑤𝑎𝑡𝑒𝑟 .(𝜔 𝑍 + 1) (1.5)
To maximize the RDE, the main parameters are the concentration of the element and the energy of the irradiation. The presence of high-Z elements within an aqueous solution irradiated with low energy X-rays (keV range) locally increases the X-ray dose, compared to the dose in water.

This is due to the photoelectric effect that is dominant for high-Z atoms at such energies, where they have a higher mass energy absorption coefficient than water.

How does the RDE occur? First, multiple photoelectrons are ejected due to the interaction of the primary photons with the high-Z atoms. The latter, in an excited state, undergoes an atomic 

The use of nanoparticles in radiotherapy

Usually, nanoparticles (NPs) are defined as particles with a diameter <100 nm. One of the most important advantages of NPs is that the surface of these particles can be modified, e.g., their

water-solubility can be tailored, they can be coated with bioactive molecules or other drugs. In addition, particles with a size < 200 nm can diffuse from blood vessels directly into tumors via leaky vessels in a process called the Enhanced Permeability and Retention effect (EPR). Thus, nanoparticles can be used for in-vivo treatments and for imaging. For example, they are being used as radiation dose-enhancers during radiotherapy. They create a differential between the healthy tissues and the tumor and increase the deposited dose in the tumor where they accumulate specifically. Many studies were able to show the efficiency of this approach (Kuncic and Lacombe 2018a). Gold (AuNPs) and gadolinium (GdNPs) nanoparticles are the most studied types of nanoparticles. It all started in 2004 when Hainfeld et al. demonstrated the improvement in the survival of mice with subcutaneous mammary carcinoma tumors when irradiated (26 Gy of 250 kVp X-ray beam) after they received AuNPs intravenously [START_REF] Hainfeld | The use of gold nanoparticles to enhance radiotherapy in mice[END_REF]). In 2013, the same group studied the effect of AuNPs on the survival of mice with brain tumor. The nanoparticles were injected intravenously, and the mice were irradiated with 35 Gy of 100 kVp X-ray beam. The 1-year survival of mice treated with the combined treatment was 56% in comparison to 19% for irradiation only and 0% for no treatment at all [START_REF] Hainfeld | Gold nanoparticle imaging and radiotherapy of brain tumors in mice[END_REF]). In addition, the AuNPs accumulate in the tumor which allow a high resolution and a better contrast in micro-CT imaging of the brain. The therapeutic potential of AuNPs was also demonstrated by [START_REF] Bobyk | Photoactivation of gold nanoparticles for glioma treatment[END_REF]. F98 glioma bearing rats were treated or not with 50 mg/mL of AuNPs. Some of the rats were irradiated with a dose of 15 Gy delivered in a single fraction using an 88 keV X-ray beam energy. The Kaplan-Meier survival curves show that the untreated rats and rats that only received AuNPs had a mean survival time of 23.8 ± 1.6 days and 23.3 ± 0.7 days, respectively. However, the rats who received the combined treatment (AuNPs + irradiation) had a significant increase in the mean survival time, 41.6 ± 3.2 days in comparison to a control group that was only treated with X-rays (33 ± 2.7 days). The results of the study are presented in Figure 13.

Gadolinium was also evaluated as a radiation dose-enhancer. A study using GdNPs called AGuIX (manufactured by NH TherAguix, Lyon, France) was performed on rats with gliosarcoma. The rats were treated using a microbeam radiation therapy (MRT). Irradiation was performed 24h after intravenous injection of the AGuIX. Results showed that the median survival was increased by a factor of 2 from 46 to 96 days survival [START_REF] Sancey | The use of theranostic gadolinium-based nanoprobes to improve radiotherapy efficacy[END_REF]). These results are in agreement with those of another study using the same type of NPs (Le [START_REF] Duc | Toward an image-guided microbeam radiation therapy using gadolinium-based nanoparticles[END_REF]. A rat study was performed using gadolinium (Gd)-chelated AuNPs to treat a radioresistant gliosarcoma brain tumor. The AuNPs were chelated with the Gd to enable a better contrast in the CT imaging; thus, to monitor their distribution in order to delay the irradiation until their uptake. There was an increase in the tumor uptake 5 minutes after the intravenous injection. Irradiation was then performed using the European Synchrotron to deliver MRT. The rats who received the combined treatment had a 78% increase in median survival [START_REF] Miladi | The In Vivo Radiosensitizing Effect of Gold Nanoparticles Based MRI Contrast Agents[END_REF]. The results of this study are shown in Figure 14. Studies have also been carried out at high energies (MeV) outside the photoelectric interaction regime. Zhang et al. studied the effects of AuNPs on mice with subcutaneous cervical carcinoma. Mice that received the NPs and a 5 Gy irradiation with a radioactive 137 Cs gamma source (mean: 662 keV) showed a 66% decrease in the tumor volume compared to radiotherapy alone [START_REF] Zhang | Ultrasmall Glutathione-Protected Gold Nanoclusters as Next Generation Radiotherapy Sensitizers with High Tumor Uptake and High Renal Clearance[END_REF]. Another study was performed using the ɣ-rays from 60 Co (mean: 1.25

MeV) as an irradiation source. Mice with subcutaneous lung cancer were treated with AuNPs conjugated to a tumor-targeting peptide before irradiation (5 Gy). The results showed increased apoptosis and decreased tumor volume [START_REF] Su | Iodine-125-labeled cRGD-gold nanoparticles as tumortargeted radiosensitizer and imaging agent[END_REF]. Research was also carried out using clinical MV beams (6 MV). PEGylated AuNPs were injected intravenously to mice having a human cervical cancer xenograft. They were subsequently irradiated with 6 Gy from a 6 MV beam. The tumor growth rate was significantly decreased in these mice and there was a complete eradication of the tumor when the irradiation was delivered 4 hours after the injection [START_REF] Dou | Size-Tuning Ionization To Optimize Gold Nanoparticles for Simultaneous Enhanced CT Imaging and Radiotherapy[END_REF]. With MV irradiation, the tumor volume was halved, and the survival was increased by 66% compared to the irradiation alone [START_REF] Detappe | Advanced multimodal nanoparticles delay tumor progression with clinical radiation therapy[END_REF]. Taupin et al. and Delorme et al. have done experiments to compare the in-vitro effect of GdNPs at low and high energies to the insilico simulations. In both studies, the nanoparticles showed an energy-dependent RDE at low energies (25 -80 keV), delivered using the monochromatic beam of the ESRF, with a maximum at 65 keV, in agreement with the simulated data. However, at high energies (1.25 MeV), delivered using a 60 Co source, a significant effect was observed experimentally, whereas no effect was expected from the computed data. [START_REF] Taupin | Gadolinium nanoparticles and contrast agent as radiation sensitizers[END_REF]) [START_REF] Delorme | Comparison of gadolinium nanoparticles and molecular contrast agents for radiation therapy-enhancement[END_REF] These observations at high energies were not expected because, at such energies, the Compton effect is the dominant interaction process (see Figure 9), and the energy absorption coefficients of high-Z elements and water are close, hence the expected dose-enhancement is minimal.

Several explanations have been proposed for such findings. First, the structure of the NPs makes that the secondary electrons emitted deposit their energy directly near the NPs and create hot points of doses that can impair the cell structures. In addition, there could be chemical or biological mechanisms that can radiosensitize the cells and increase the effect in the presence of GdNPs [START_REF] Gerken | Catalytic activity imperative for nanoparticle dose enhancement in photon and proton therapy[END_REF].

In recent years, a major therapeutic approach has arisen to improve radiation doses delivered to cancer tissues, which relies on the use of nanoscintillators in order to add more therapeutic effects to radiotherapy. This strategy is developed in the following chapter.

I.3. The use of nanoscintillators in the medical field

A scintillator is a material capable of converting ionizing radiations (X-ray or ɤ-ray for instance) into light ranging from the ultraviolet (UV) to near infrared (NIR) depending on its chemical composition. Scintillators are used as detectors for radiation in both fields of high-energy physics and medicine. In nuclear medicine, cameras use the scintillator technology for imaging techniques such as PET (positron emission tomography) scans and X-ray radiographies [START_REF] Wang | Flexible perovskite scintillators and detectors for X-ray detection[END_REF]. Depending on their properties, the type of scintillators used for each application is different. The main properties that characterize these materials are the scintillation efficiency, the energy resolution, and the typical light emission duration.

Scintillation process

The process of scintillation is divided into different steps [START_REF] Weber | Scintillation: mechanisms and new crystals[END_REF]). It starts with the absorption of the incident radiation through photoelectric effect, Compton scattering or electron-positron pair creation, depending on the energy of the incident radiation, as described previously. After interaction of the radiation with the matter, primary electron-hole pairs are generated, which generate secondary pairs by a cascade effect. When the energy of the electrons become lower than the ionization threshold, the thermalization process takes place. Once all the electrons and holes are thermalized, they transfer their energies to the luminescent centers and the final stage of scintillation, the luminescence, takes place. It can be either intrinsic or extrinsic luminescence. Intrinsic luminescence occurs when one of the principal constituents of the matrix of the material is responsible of the light emission. Extrinsic luminescence is due to the presence of a dopant, an activator ion that is added in a small quantity to the material [START_REF] Blasse | Scintillator materials[END_REF].

Towards nanoscintillators… in nanomedicine!

The increasing research in nanotechnologies has led to many new developments and applications in the field of nanoscale scintillators. In addition to their use as detectors, the access to nanometric sizes allowed the use of these materials as therapeutic agents.

Photodynamic therapy (PDT):

Due to their property of absorption of the ionizing radiation that is widely used in radiotherapy, nanoscintillators (NS) have been proposed as intermediates permitting the coupling of two therapies in order to improve the efficiency of cancer treatments: photodynamic therapy and radiotherapy [START_REF] Sun | Advanced techniques for performing photodynamic therapy in deep-seated tissues[END_REF]. Photodynamic therapy is a therapy that is used primarily in the treatment of skin diseases, age-related macular degeneration, and cancers. This therapy is based on the light activation of chemical species called photosensitizers (PS) in the presence of oxygen. Once activated, they create ROS through photochemical processes that cause irreversible damage to the surrounding cells inducing their death. The limitation of this technique is the low penetration depth of the light in the tissues making it only suitable to treat superficial lesions and tumors [START_REF] Sivasubramanian | Evolution of Nanoparticle-Mediated Photodynamic Therapy: From Superficial to Deep-Seated Cancers[END_REF]. Hence the idea of coupling the photodynamic therapy to radiotherapy seems interesting. It consists in using NS on which are grafted photosensitizers and using X-rays as an energy source to initiate PDT.

Once activated by X-rays, these NS emit light that, at the right wavelength, can activate the PS.

This approach could provide a double advantage: the reduction of the dose of irradiation because of the radiation dose-enhancement of the nanomaterials that are composed of high-Z atoms and the ability to treat by PDT deep-seated tumors [START_REF] Kamkaew | Scintillating Nanoparticles as Energy Mediators for Enhanced Photodynamic Therapy[END_REF].

UV-emitting nanoscintillators: the use of UV-emitting NS is another therapeutic approach that has been recently proposed to overcome the side effects of radiotherapy (Müller et al. 2019a). Though the use of NPs has been demonstrated to increase the efficiency of radiotherapy, the effect still requires the presence of oxygen and is thus affected by the tumor hypoxia. The use of UV-emitting NS could provide a better efficacy of radiotherapy by adding several mechanisms:

1. The increase of the radiation dose expected when combining high-Z elements with low energy X-rays therapy.

2. The DNA damage increase due the UV photons emitted by the nanoscintillators, as DNA strongly absorbs light in the UV range (200 -280 nm).

3. The efficacy of the treatment in hypoxic tissues. The UV radiation is known to be toxic to DNA by inducing very specific damage via a mechanism independent of the presence of oxygen (Douki 2013).

The UV radiation covers wavelengths going from 100 to 400 nm. It's divided into four groups:

UVA (315 -400 nm), UBV (290 -315 nm), UVC (200 -280 nm) and vacuum UV (100 -200 nm) (Figure 16). Since the UVC range corresponds to the absorbance range of DNA, UV photons can be directly absorbed by the DNA and create damage. 

I.4. Problematic and objectives of the thesis

As discussed in section I.1., radiotherapy presents some limitations. The most important one is that it is not specific of the tumor, but it also induces damage to the healthy surrounding tissues.

The dose required to control the tumor growth is often higher than the tolerance of the surrounding tissues. Moreover, hypoxic cells or hypoxic regions of the tumor are resistant to the radiation and need higher doses [START_REF] Zhou | Novel Implications of Nanoparticle-Enhanced Radiotherapy and Brachytherapy: Z-Effect and Tumor Hypoxia[END_REF]. All this leads to severe side effects of the treatment, the survival of some cancer cells, hence recurrence or relapse. Thus, it is important to find new strategies to increase the efficiency of radiotherapy and limit its side effects; and the use of NPs and NS seems of primary interest.

The objective of my project is to evaluate the performance of UV-emitting NS (LuPO4:Pr 3+ ) in order to improve the efficacy of radiotherapy in a glioblastoma model and to try to decipher the undergoing mechanisms. The literature on the biological effect of UV emissions by NS is scarce and this is the first focus of my thesis project. In the following sections of this paragraph, I will present the LuPO4:Pr 3+ NS and the choice of the cellular model.

LuPO4Pr 3+ nanoscintillators

LuPO4:Pr 3+ is a type of nanoscintillator that was studied in particular by Squillante et al., Müller et al., and Espinoza et al. since 2018. These scintillators have a lutetium phosphate LuPO4 matrix, and they have an extrinsic emission, hence the presence of the praseodymium Pr 3+ as an activator ion. LuPO4 is one of the nanomaterials having the best combination of emission spectrum and atomic number as seen in Figure 17 (A). The radioluminescence spectrum of these nanoscintillators shows four emission bands between 220 and 280 nm, the main band pattern of Pr 3+ , and this corresponds to the UV absorption range of the DNA ( Figure 17 B,C).

Characterized by optical microscopy, these particles size is in the nanometer range. The transmission electron microscopy images confirm the size range of the between 100 and 200 nm. However, they form larger aggregates. They have a smooth surface and almost spherical shape (Figure 18). (Squillante et al. 018 and Müller et al. 2018).

The efficiency of a treatment combining LuPO4:Pr 3+ nanoparticles and radiotherapy was evaluated by Squillante et al. on human foreskin fibroblasts (HFF1) in-vitro. The cells were pretreated with increasing concentrations of the nanoscintillator prior a 2 Gy irradiation using a 320 kVp X-ray generator. The use of a metabolic activity assay allowed the evaluation of cell viability. Despite that the results show some toxicity of LuPO4:Pr 3+ without irradiation, the significant increase in the cell death in their presence demonstrates the efficacy of such a treatment [START_REF] Squillante | Fabrication and characterization of UV-emitting nanoparticles as novel radiation sensitizers targeting hypoxic tumor cells[END_REF]. To show the contribution of the UV effect of these NS, a clonogenic cell survival assay was performed on two types of fibroblasts: a normal HFF1 cell line and a UV-sensitive human fibroblast (XP17BE). The results are shown in Figure 19. Under the experimental conditions used, no toxicity was observed for the two cells lines when treated with the NS, in the absence of irradiation. The normalized cells survival fraction was 40 % and 32 % for the HFF1 and XP17BE cell lines respectively after receiving a dose of 2 Gy using a 320 kVp X-ray generator (Figure 19). In presence of the LuPO4:Pr 3+ , the cell viability decreased to 25% in the normal fibroblast (HFF1) and to 15% in the UV-sensitive cell line (XP17BE).

This cell line being 30-60% more sensitive to UV than the normal cell line, the results indirectly suggested the role of the UV emission (Müller et al. 2018a). The NPs show a smooth surface and a spherical shape. (Müller et al., 2018) These nanoscintillators were also demonstrated to be efficient and increase the cell death under hypoxic conditions. Lung cancer cells A549 were treated with different concentrations of LuPO4:Pr 3+ before being incubated either in hypoxic chambers or in a normal incubator. After treatment, the cells were irradiated at many doses in order to do a clonogenic assay using a 320 kVp X-ray generator. The results (Figure 20. Cell survival of A549 cells under normoxic and hypoxic conditions after 4 h incubation with different concentrations of LuPO4:Pr 3+ and different X-ray doses. Results are obtained by doing the clonogenic cell survival assay (Müller et al. 2019). ) show that the therapeutic effect was more efficient in the presence of oxygen. In addition, in hypoxic conditions, the surviving fraction decreased in the presence of increasing concentrations of LuPO4:Pr 3+ (Müller et al. 2019b). 

Gliomas and the choice of the cell line

More than 11 million people are diagnosed with cancer per year. Among the primary brain tumors, malignant gliomas are the most common type, with an annual incidence of 5/100000 people. The gliomas are classified by the World Health Organization (WHO) into astrocytomas, oligodendrogliomas, ependymomas and oligo-astrocytomas (mixed gliomas). Another classification relies on the TNM staging system (T stands for tumor, N for lymph nodes and M for metastasis). Depending on the grade of malignancy, the glioblastoma multiforme (GBM), representing 60 -70% of gliomas, is a grade IV glioma (Jovčevska et al. 2013a). GBM tumors are invasive and infiltrate in the adjacent healthy tissues, which is the reason of recurrence and resistance, hence their very poor prognosis with median survival rates not exceeding fifteen months (Liu et al. 2013a). Traditional treatments include surgery, radiotherapy, and chemotherapy. The conventional treatment plan proposed for patients with GBM consists in starting with a surgical resection of the tumor, if possible. The surgery is followed by a 6-week course of radiotherapy with simultaneous temozolomide (TMZ) chemotherapy. Six cycles of temozolomide chemotherapy follow this radio-chemotherapy period. Temozolomide is an and different X-ray doses. Results are obtained by doing the clonogenic cell survival assay (Müller et al. 2019).

alkylating agent that kills cancer cells induced by the formation of the O 6 -methylguanine in the DNA. This modified base miss-pairs with the thymidine (Thd) during the following replication cycle. When the same mismatch occurs in successive replication cycles, it eventually leads to cell death (Jovčevska et al. 2013a).

Despite all the progress and advances, the application of these therapeutic options is limited by several parameters. The surgery is limited by the localization and the stage of the tumor. It can be performed when the tumor is detected early and the cells haven't penetrated yet in the surrounding tissues (Jovčevska et al. 2013a). Regarding the efficacy of radiotherapy for the treatment of GBM, there are two main limitations: the tumor cells of GBM are known to be radioresistant and the surrounding healthy brain tissues are sensitive to radiotherapy (Ali et al. 2020a). This makes it harder to deliver higher doses of irradiation in order to control the tumor growth without inducing damage to the healthy tissues. The efficacy of chemotherapy can be limited by the presence of the blood-brain barrier (BBB). The latter prevents large molecules from entering the brain. In addition, chemotherapy can also be limited by the repair mechanisms in the brain. For instance, brain cells express highly the MGMT (O 6 -methylguanine methyltransferase) enzyme, which is a DNA repair enzyme that repairs the O 6 -methylguanine resulting from the administration of TMZ and thus reduces its effect for brain tumors treatment (Stupp et al. 2005a).

Given all these limitations, there is an increase in the research about the use of NSs in combination with radiotherapy. This strategy allows to decrease the side effects and risks by creating a differential effect between the tumor and the healthy tissues and increasing the deposited dose in the tumor only. The following table (Table 2) resumes some preclinical studies treating glioblastoma using this strategy. 

Summary

Even though radiotherapy is the most used treatment against cancer, it still faces some limitations. Some cancer cells can be resistant to irradiation due to defects in their programmed cell death or to their presence in hypoxic regions of the tumor. Nonetheless, the main risk of radiotherapy is the damage induced to the healthy tissues surrounding the tumor during

irradiation. An approach that can limit the side effects is the creation of a differential in the deposited dose between the tumor and the normal surrounding tissue by charging the tumor with heavy elements. A different approach is the use of nanoscintillators that are secondary local sources of light.

This work consists in using LuPO4:Pr 3+ in combination with radiotherapy to increase its efficacy in treating a glioblastoma model, an aggressive, radioresistant cancer. The LuPO4:Pr 3+ are supplied by Dr Mike Squillante from Radiation Monitoring Devices (RMD, Watertown, MA). The experiments are performed on a murine glioblastoma cell line (F98 cells) and irradiations are done using different sources, hence different energies. The LuPO4:Pr 3+ are UVemitting NS. So, by charging the tumor/cells with them prior radiotherapy, we expect to combine different effects: the conventional radiotherapeutic effect, the radiation doseenhancement effect and the UV effect. The mentioned effects can be evaluated using different methods and they induce very specific DNA lesions that can be used as biomarkers to assess the contribution of each effect in increasing the efficacy of the treatment. Thus, three parts will focus on the radiation dose-enhancement effect studied by chemical/physical methods using dosimetric gels (chapter II), chemical dosimeters using DNA lesions with u subpart dedicated to the UV effect (chapter III) and biological effects in F98 cells (chapter IV). Advances in the radiotherapy field have made treatment plans became increasingly complex.

II. Dosimetric

Dosimeters are available to measure the dose, but unfortunately most of them only allow verification in one or two dimensions only. Thus, with the increasing complexity of the treatments, it appeared necessary to develop performant dosimeters, such as dosimetric gels.

They allow a high-resolution and a precise verification of the three-dimensional distribution of the dose. Many types of dosimetric gels exist like Fricke gel, and polyacrylamide gels [START_REF] Maryanski | NMR relaxation enhancement in gels polymerized and cross-linked by ionizing radiation: A new approach to 3D dosimetry by MRI[END_REF]) [START_REF] Mariotti | Radiotherapy dosimetry parameters intercomparison among eight gel dosimeters by Monte Carlo simulation[END_REF]. The spatial distribution of the dose can be determined by assessing the radiation-induced changes in the gelatinous matrix ; and depending on the gel type, the principle of quantitation of the dose delivered is different. The basis of Fricke gel relies on the transformation of Fe 2+ (ferrous ions) into Fe 3+ (ferric ions) due to the chemical reaction of the Fe 2+ with the radicals produced by water decomposition following irradiation [START_REF] Schreiner | Review of Fricke gel dosimeters[END_REF]). As for the polyacrylamide gels, they rely on the dose-dependent polymerization of the different monomers present in the solution when irradiated [START_REF] Maryanski | Magnetic resonance imaging of radiation dose distributions using a polymer-gel dosimeter[END_REF].

The most common type of gels used is the nPAG or normoxic polyacrylamide gel. The nPAG is formed of acrylamide (AA), N-N'-methylene-bis-acrylamide (bisA), gelatin and tetrahydroxymethyl-phosphonium-chloride (THPC). Despite being efficient for dose verification, this gel formulation represents some limitations due to its toxicity (AA) and its sensitivity to oxygen (that reduces the polymerization reaction occurring). The AA monomer could be absorbed by the skin and is known to be neurotoxic and is suspected to be a human carcinogen and teratogen. In addition, it is very sensitive to the presence of oxygen which interferes with the polymerization process. So, the research work to find an alternative to the acrylamide lead to the development and use of NIPAM gels. These gels are composed of N-isopropylacrylamide (NIPAM), bisA, gelatin and THPC. NIPAM and bisA are the two monomers of the gel; in addition, the bisA works as the crosslinker. The gelatin increases the spatial stability of the gel and the THPC works as an oxygen scavenger [START_REF] Senden | Polymer gel dosimeters with reduced toxicity: a preliminary investigation of the NMR and optical dose-response using different monomers[END_REF]. Upon irradiation, a series of reactions allows the polymerization of the monomers [START_REF] Fuxman | Modelling of polyacrylamide gel dosimeters with spatially non-uniform radiation dose distributions[END_REF]. The degree of polymerization increases with the dose delivered to the gel. The NIPAM gels are tissue equivalent, independent of the dose rate and stable many hours after irradiation [START_REF] Hsieh | A study on dose response of NIPAM-based dosimeter used in radiotherapy[END_REF]). In addition, these gels may have a linear response up to relatively high doses: between 20 -26 Gy (Farajollahi 2014).

Analysis methods

Different methods can be used to analyze the gels based on changes in their physical properties after irradiation, such as changes in their opacity, density, elasticity or proton nuclear magnetic resonance. Magnetic resonance imaging (MRI) is the method of reference, but X-ray computed tomography (CT), optical CT and ultrasound are being considered as alternatives [START_REF] Baldock | Topical Review: Polymer gel dosimetry[END_REF]). In the following, there will be an explanation of the two analysis methods used in this work.

• Magnetic resonance imaging (MRI)

This is the conventional analysis method. It is based on the detection of the nuclear magnetization of the protons (hydrogen nuclei) of water. MRI employs magnets which produce a strong magnetic field that forces protons in the body to align with that field. When a radio frequency wave is sent through the sample, the protons are spin out of balance. When the radio frequency field is turned off, the MRI sensors are able to detect the energy released when the protons realign with the principal static magnetic field. The return to equilibrium is called relaxation and it combines the longitudinal and transverse relaxations. The longitudinal relaxation is due to the energy exchange between the spins and surrounding lattice (spin-lattice relaxation time T1). As for the transverse, it results from spins getting out of phase due to the interaction of their magnetic fields as they move together (spin-spin relaxation time T2). The time it takes for the protons to realign with the magnetic field, as well as the amount of energy released, vary according to the environment and the chemical nature of the molecules. In gel Gy). The response is stable 5 hours after the irradiation until 24 hours for all doses [START_REF] Hsieh | A study on dose response of NIPAM-based dosimeter used in radiotherapy[END_REF].

dosimetry, the polymerization upon irradiation changes the mobility of the surrounding molecules of water. This also results in a change in the spin-lattice relaxation rate R1 (= 1/T1) and spin-spin relaxation rate R2 (= 1/T2). Since the dose-response of R2 is more pronounced than the one of R1, it is the measurement of T2 that allows the analysis of the gels. An increase in the dose delivered induces an increase in the polymerization, hence a decrease in the T2 and an increase in the R2 [START_REF] Deene | Fundamentals of MRI measurements for gel dosimetry[END_REF]).

• Optical Scanner

In 1996, Gore et al. proposed to read nPAG gels using an optical-CT scanner, an approach analogous to first-generation X-ray CT with the X-ray source replaced by a visible laser and the X-ray detector replaced with a photosensitive diode [START_REF] Gore | Radiation dose distributions in three dimensions from tomographic optical density scanning of polymer gels: I. Development of an optical scanner[END_REF]. This approach exploits the fact that the gel opacity increases with polymerization and thus radiation dose [START_REF] Oldham | Optical-CT Gel-Dosimetry I: Basic Investigations[END_REF]). As only 2D information is needed to measure the dose-enhancement in homogeneous phantoms, we adapted this optical method using a simple tabletop optical scanner. These scanners are used for gafchromic film dosimetry, as the opacity of the gafchromic films varies with the dose. The optical scanner measures the red, green, and blue color channels of the transmitted light through the phantom. This method, if validated, would be easier to handle, more accessible and cheaper than MRI.

The principle of the method is based on the optical properties of the gels. The non-irradiated gels are transparent to visible light, but irradiated gels become more opaque with the increased radiation-induced polymerization. The alteration in the opacity affects the intensity of the light transmitted and is measured using a scanner. The measurement of the intensity (I) of the three different components of the light: red, green, and blue channels allow the calculation of the optical density (OD for each channel) via the following equation:

𝑂𝐷 = -log 10 ( 𝐼 𝐼 0 ) (2.1)
where I0 is the intensity of the light transmitted without the gel (white beam) and I is the intensity of the light transmitted through the gel.

Polymer gels for measuring the dose-enhancement factor

As explained in section 3, the dose-enhancement-factor (DEF) is defined as the dose delivered to the medium containing the high-Z element divided by the dose to the medium without the dose-enhancer, calculated for identical exposure to X-rays [START_REF] Shahhoseini | Determination of dose enhancement caused by AuNPs with Xoft® Axxent® Electronic (eBx TM ) and conventional brachytherapy: in vitro study[END_REF].

As an illustration, the radiation dose-enhancement of pure LaF3:Ce relative to soft tissues, is shown in Figure 22 (B).

Polymer gels can be used to evaluate the radiation dose-enhancement effect. In the literature, the dose-enhancements induced by iodine (NaI 10 mg/mL) were measured using nPAG after irradiation with monochromatic synchrotron-X-rays at various energies (below and above the iodine K-edge (31 and 35 keV), 50 and 80 keV) [START_REF] Boudou | Polymer gel dosimetry for synchrotron stereotactic radiotherapy and iodine dose-enhancement measurements[END_REF], and with a 6 MV linear accelerator beam [START_REF] Gastaldo | Normoxic polyacrylamide gel doped with iodine: Response versus X-ray energy[END_REF]. The analysis was performed with MRI. The relaxation rates R2 of the gels were measured versus the radiation dose as shown in Figure 23. Relaxation rate R2 (s -1 ) of three gels impregnated with different concentrations of iodine irradiated at 35keV (left) and 80 keV (right) [START_REF] Boudou | Polymer gel dosimetry for synchrotron stereotactic radiotherapy and iodine dose-enhancement measurements[END_REF]. . Figure 23. Relaxation rate R2 (s -1 ) of three gels impregnated with different concentrations of iodine irradiated at 35keV (left) and 80 keV (right) [START_REF] Boudou | Polymer gel dosimetry for synchrotron stereotactic radiotherapy and iodine dose-enhancement measurements[END_REF].

Figure 22. Mass energy absorption coefficients of soft tissue and LaF3:Ce versus X-ray energy (A) and their ratio (DEF) versus X-ray energy (B) (Bulin et al. 2020).

The R2(dose) functions being linear, the DEFs were calculated as the ratio of the slopes (doped gel relative to undoped gel). The experimental data were compared with Monte Carlo simulations and found to be in good agreement, as shown in Figure 24 [START_REF] Gastaldo | Normoxic polyacrylamide gel doped with iodine: Response versus X-ray energy[END_REF].

Polymer nPAG dosimeters were also used for measuring radiation dose-enhancement in presence of gold nanoparticles (0.197 mg/mL) [START_REF] Rahman | Polymer gels impregnated with gold nanoparticles implemented for measurements of radiation dose enhancement in synchrotron and conventional radiotherapy type beams[END_REF]. In this study, an increase in dose compared to control was demonstrated, after irradiation with different types of radiation beams. The dose-enhancement factors calculated were 1.74 and 1.64 with a synchrotron irradiation (mean energy 125 kVp) and a 80 kVp X-ray generator respectively [START_REF] Rahman | Polymer gels impregnated with gold nanoparticles implemented for measurements of radiation dose enhancement in synchrotron and conventional radiotherapy type beams[END_REF].

II.2. NIPAM gels for measuring LuCl3 radiation dose-enhancement

NIPAM gels were used in the following study to evaluate the RDE induced by the lutetium as a salt: lutetium chloride (LuCl3). The advantage of using salts is that heavy elements will be in a simpler form than NPs and fewer chemical reactions with the NIPAM gel compounds are expected. They will allow to validate the use of these reading techniques. After validation of this method using salts, RDE of lutetium as a NS could be evaluated.

Material

All the products used: lutetium III chloride hexahydrate LuCl3 (542075-5G), N-isopropylacrylamide 97% (415324-50G), N,N'-methylene-bis-acrylamide 99% (146072- [START_REF] Gastaldo | Normoxic polyacrylamide gel doped with iodine: Response versus X-ray energy[END_REF].

100G), gelatin from porcine skin (G1890-100G) and tetrakis-(hydroxymethyl)-phosphoniumchloride (404861-100ML) were purchased from Sigma Aldrich.

Preparation of the gels

The formulation of the gels used is the same proposed by [START_REF] Chang | A systematic approach to determine optimal composition of gel used in radiation therapy[END_REF]) and they are prepared following the method of [START_REF] Senden | Polymer gel dosimeters with reduced toxicity: a preliminary investigation of the NMR and optical dose-response using different monomers[END_REF].

Reagent

Gelatin NIPAM bisA THPC Deionized water Percentage of the total mass (%) 5.67 g 5.00 g 2.56 g 10 mM 86.58 mL Before starting the preparation of the gels, all the reagents are weighed, the LuCl3 solution is prepared and the two regulated heating plates with magnetic stirrer are turned on. To start, the gelatin is diluted in the volume of water needed for the experiment and kept resting about 5 min at room temperature allowing the gelatin to bind to the water. The aqueous gelatin solution is then heated on a heater plate at 50°C under rigorous agitation. When the temperature reaches 50°C, the bisA is added and the solution is kept on heating for 15 minutes. Then, the solution is kept on the plate with medium agitation to cool down to 37°C. When the temperature of the gel reaches 37°C, the NIPAM is added, and the temperature set point is set at 35°C. At the same time, the solution of LuCl3 is heated on the second heating plate. When the NIPAM solution becomes clear and the temperature cools down to 35°C, the gel is divided into two batches and THPC is added to each of them. After 2 minutes of agitation, either water or LuCl3 is added to the NIPAM solution and stirred for one minute. The tubes (6 mL tubes filled with 4.8 mL gel) are then quickly filled, closed with plugs and with parafilm to try to limit the presence of oxygen, which is known to interfere with the polymerization (Alyani Nezhad and Geraily 2022). The tubes are then put in hermetic bags, covered with aluminum foil, and stored in the fridge for 24 hours prior to irradiation.

Table 3. Composition of the NIPAM gels.

Sources of irradiation

Two X-ray sources were used in this thesis to investigate the RDE induced by high-Z elements:

a conventional X-ray generator and a synchrotron source. Both sources provide a large X-ray spectrum as shown in Figure 26. The intensity of the synchrotron beam available at the ESRF medical beamline (about 10 5 higher than a conventional X-ray tube) allows the use of monochromators to select fine X-ray energy bandwidths (Delta E/ E = 0.1 %) within a range of 25 keV to 100 keV. Figure 26. Energy spectrum of the synchrotron radiation on the ID17 line compared with the spectrum of an X-ray tube used in imaging. (Elleaume et al., 1999).

As mentioned before, heavy atoms have a mass attenuation coefficient higher than the tissues and water for low energies X-rays. At such energies, they induce a radiation dose-enhancement, if they are present at a sufficient concentration in the medium. Such an increase cannot be seen at high energies where the difference between the mass attenuation coefficient of the water and that of the high-Z elements is too small. In addition, high-Z elements have an abrupt increase in the absorption observed at their K-edge. So, the use of a monochromatic radiation from a synchrotron source allows to measure the dose-enhancement factor versus the X-ray energy over a broad range of energy (25 keV -100 keV) and just below and just above the K-edge of the high-Z element.

Synchrotron radiation

The European Synchrotron Radiation Facility (ESRF) is a European facility with 22 partner countries. It is an extremely powerful source where X-rays are produced by high energy electrons as they circulate around the storage ring. One physical phenomenon is responsible for the synchrotron radiation: a moving electron emits energy when it is forced to change its direction by a magnetic field. When the electron is moving fast enough, the emitted energy is at the X-ray wavelength [START_REF] Margaritondo | Synchrotron radiation in radiology: novel X-ray sources[END_REF]. At the ESRF, the electrons are produced in an electron gun, then accelerated in a 16 m Linac until 200 MeV, before being injected into a booster. The booster is a 300-meter-long preaccelerator where the electrons are accelerated to an energy of 6 GeV. These high-energy electrons are then injected into a large storage ring where they circulate in a vacuum environment, at a constant energy, for many hours. This ring consists of a cavity 2-3 cm high, 20 cm wide and 884 m long. It is not exactly circular but composed of 32 straight sections and 32 curved sections in alternating order. In each curved section, two large bending magnets force the path of the electrons into the track. In each straight section, several focusing magnets ensure that the electrons remain close to their ideal orbital path. The straight sections also host the undulators, where the intense beams of X-rays are produced and directed along beamlines [START_REF] Margaritondo | Synchrotron radiation in radiology: novel X-ray sources[END_REF]. All these sections can be seen in Figure 28 below.

The biomedical beamline:

The biomedical line (ID17, for Insertion Device 17) is mainly dedicated to the development of new medical imaging and radiotherapy methods for the treatment of brain tumors, stereotactic radiotherapy by synchrotron radiation (SSRT) and microbeam radiotherapy (MRT). The energy range that can be used on ID17 is between about 25 and 150 keV. It has two experimental cabins along the beam, placed respectively at 37 and 151 m from the source, for the MRT and SSRT, respectively. The beamline at the level of the SSRT hutch is equipped with two monochromators. These devices allow the selection of a fine and specific energy bandwidth for the irradiation, which makes it possible to compare the effects just below and just above the K-edge of various high-Z elements.

X-ray generator

This source of irradiation is available in the CIBEST team, CEA-Grenoble. It allows to deliver polychromatic X-rays in the energy range 0-225 keV. The CIX2 X-ray Cabinet Irradiator is a free-standing, self-contained research system producing X-rays. It is composed of a 225 kV metal ceramic X-ray tube, a large lead-shielded irradiation chamber and a movable operator control panel with an intuitive touch screen interface. The irradiation chamber is equipped with a specimen table which is a Perspex plate; it has the 90% homogeneity field size and the maximum field size that can be achieved at each shelf position from the X-ray source. The shelf height is adjusted manually, in 100 mm increments. There are 7 shelf positions, each shelf position results in a different focal spot distance (FSD) value, the distance from the source to the sample irradiated. The diagram below illustrates the divergent nature of X-rays, the further away from the source the larger the field size achieved. After choosing the FSD, the operator control panel allows to define the parameters for the irradiation: the exact dose rates for the different conditions. Different filters can be used to modify the X-ray spectrum: 3 mm aluminum (Al), 0.5 mm copper (Cu) or 1 mm lead (Pb). The X-ray beam spectra were calculated using the free software Xpecgen 2020 [START_REF] Hernández | xpecgen: A program to calculate x-ray spectra generated in tungsten anodes[END_REF]. The calculated spectrum considers the X-ray tube polarization, the Beryllium window of 0.9 mm (Be), and the 50 cm of air. The normalized emission spectrum of the X-ray generator as a function of the energy is shown in Figure 31.

The use of the Al filter allows harden the X-ray beam towards the high energies. show that the highest RDE effect can be obtained by using the Al filter.

Irradiation with the X-ray generator

24 hours after preparation of the NIPAM gels, the tubes were removed from the fridge and kept at room temperature for at least 30 minutes before irradiation.

The CIX2 X-ray generator (Figure 30) was used for the irradiation at the CEA, Grenoble. The tubes were irradiated at 50 cm from the X-ray source, with a polarization of 195 kVp and a current of 15.4 mA (Figure 33). An aluminum filter (Al 3 mm) was used to filter the low energies of the X-ray beam. The dose rate, at the sample position were measured using a PTW ionization chamber coupled to an electrometer and converted to dose rate in water. Using these experimental conditions, the dose rate was 1.76 Gy/min. After irradiation, the tubes were covered again with aluminum foil and stored at room temperature until analysis. Figure 34 shows the NIPAM gel tubes before irradiation (A), and after receiving increasing doses of radiation (B). 

MRI analysis

Optical scanner analysis

Following irradiation and MRI acquisition, the samples were scanned using an Epson V750 pro scanner (ESRF -Grenoble). The images were acquired in transmission mode as 48-bit color images with a resolution of 300 dpi, the images were saved in tiff format. The set-up of the tubes for analysis by an optical scanner and the image of gels irradiated at increasing doses (0 to 10 Gy) are shown in Figure 36. The images were analyzed using the ImageJ software to measure the intensity of the three channels RGB of the transmitted light. An area of about 0.5 mm * 20 mm was selected at the bottom of the tube to perform the measurement. The mean and standard deviation of the OD values were after calculated using the equation (2.1) mentioned before:

𝑂𝐷 = -log 10 ( 𝐼 𝐼 0 )
Using the error propagation expression and ignoring cross-correlations, the associated standard deviation of the net optical density (SD(OD)) was calculated using the following equation:

𝑆𝐷(𝑂𝐷) = 1 ln 10 √ ( 𝑆𝐷(𝐼 0 ) 𝐼 0 ) 2 + ( 𝑆𝐷(𝐼) 𝐼 ) 2 (2.2)
where SD(I0) and SD(I) are the associated standard deviations for I0 and I, respectively. 

II.3. Results and discussion

Calibration

First, it was important to determine the response of the gel as a function of the X-ray dose. To do so, a series of control gels (non-doped with heavy elements) was irradiated at different doses from 0 to 50 Gy using the X-ray generator. They were then analyzed by MRI and using the optical scanner. As expected, the increase in gel polymerization with increasing X-ray doses induced a decrease of the T2 relaxation time measured by MRI and in the intensity of the transmitted light measured by optical scanner. This results in an increase of the relaxation rate R2 and of the optical density, as shown in Figure 37. While the MRI results show a saturation of the MRI signal above 15-20 Gy, the response with the optical reading reaches a plateau above roughly 10 Gy. In the following, the irradiation doses will not exceed 10 Gy to ensure that the response does not reach saturation.

It should be noted that the NIPAM gels have never been analyzed by optical scanner in the literature. 

Stability of the gels' response over time

To study the stability of the gels over time, the same series of gels was analyzed by MRI twice, the first time 24 hours after irradiation and again after 2 months. During this period, the tubes were covered by aluminum foil and kept in the dark at room temperature. The figure below shows the R2 as a function of the dose for the two different analyses.

No significant difference was observed between the two measurements, which are within the measurement error bars. The same stability was observed in another series that was analyzed 24 hours after irradiation and 5 months later, by MRI and by optical analysis. Between these two measurements, no difference was seen in the R2 and the OD, respectively. So, the gels are stable in the time, up to 5 months after irradiation, which means that they can be kept for later analysis.

Irradiation with an X-ray generator

The dose-enhancement induced by the presence of the lutetium was then assessed by doping NIPAM gels with LuCl3. Four series of gels were prepared: control gels non-doped, two series impregnated with two different concentrations of LuCl3: 10 and 20 mg/mL and a new control series at the end of the gels preparation to verify that there was no problem during the preparation of the gels. As it can be seen in Figure 39, the response of the control gels prepared either at the beginning or at the end of the preparation session are similar. Analysed by MRI, the lutetium-containing gels showed a higher response than the control gels for the same fluence of irradiation and the response was linear with the dose in the studied range. In addition, the response was enhanced with the higher concentration of lutetium, as expected. The same trend was seen following the analysis by the optical scanner. The irradiation in the presence of lutetium at low energies (X-ray spectrum shown in Figure 31) induces an increase in the production of photoelectrons and Auger electrons through the photoelectric effect that is dominant at such energies for high-Z elements. This results in an increase of the dose, hence an increase in the polymerization degree of the gels. As a consequence, there is an increase in the transverse relaxation rate, as well as the optical density. The results obtained by optical scanner analysis are very promising, although requiring additional investigations for optimising the reading parameters. Since it is a more accessible apparatus, it can make easier the analysis of the gels. Using the slopes of the linear response-dose, the DEF can be calculated via the equation mentioned before:

𝐷𝐸𝐹 = 𝑠𝑙𝑜𝑝𝑒 𝑖𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑒𝑎𝑣𝑦 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑠𝑙𝑜𝑝𝑒 𝑖𝑛 𝑎𝑏𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑒𝑎𝑣𝑦 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 (2.
3)

The different DEFs calculated using the different methods of analysis are compared to the theoretical values in Figure 40.

For either 10 mg/mL or 20 mg/mL, the experimental results are in agreement with the theoretical values. Moreover, the reading by the optical scanner is in good agreement with the MRI reading, making possible to use of the optical scanner as an analysis method for fast readout.

Irradiation with monochromatic energies provided by the synchrotron

Irradiation using the synchrotron allows a study as a function of energy, especially since the medical beamline is equipped with a monochromator permitting to choose specific energies.

Like the irradiation with the X-ray generator, the analysis by MRI and by optical scanner showed a linear increase in the relaxation rate R2 and the optical density respectively. Also, the response was enhanced in the presence of lutetium. In Figure 41. The DEFs calculated by different methods as a function of the energy after irradiation of gels with 10 mg/mL of LuCl3 at different energies at the synchrotron., the DEF is plotted as a function of the energy of irradiation. The As expected, the DEFs showed a jump at the Lu K-edge between 62.31 keV and 64.31 keV.

II.4. Summary

In this chapter, the radiation dose-enhancement of the lutetium, in the form of salts LuCl3, was measured using the dosimetric NIPAM gels. These gels are less toxic than the most used nPAG, their response was shown to be linear up to about 7 Gy and they were stable until at least 5 months after irradiation. The presence of LuCl3 induced a DEF of 1.67 and 2.19 for 10 mg/mL and 20 mg/mL respectively. In addition, the use of the optical scanner as an analysis method was validated since the response-dose measured was in good agreement with the theoretical calculations and the MRI measurements. Monte Carlo dose calculations are underway to evaluate more precisely the radiation dose-enhancement under the various irradiation geometries, taking into account the X-ray spectrum, the attenuation within the tubes and the Xray scattering. In preliminary experiments, gels were prepared using the LuPO4:Pr 3+ nanoscintillators.

However, during preparation, at the time of addition of LuPO4:Pr 3+ to the solution, the gel immediately gelified which made it impossible to continue the experiment. The same observations were made with other kinds of nanoparticles (LaF3:Ce, HfO2). It could be that the presence of the nanoparticles alters the gel chemistry. It will require further investigations to understand the reason behind this. So, in order to assess the effects of the NS, we decided to use another chemical dosimeter presented in the following chapter.

III. The use of DNA lesions as a chemical dosimeter

In this chapter, the DNA lesions are used as biomarkers to each expected effect when using a treatment combining an incubation with nanoscintillators prior irradiation. The RDE effect is assessed by the radiation-induced oxidative lesions when irradiating thymidine and adenine solutions with salts or nanoscintillators of Lu, as well as aqueous DNA solutions with nanoscintillators. As for the UV effect, it is measured using the signature photoproducts produced when UV is absorbed by the DNA in the presence of nanoscintillators. All these lesions are quantified using a sensitive and specific method, the Ultra-high performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS).

III.1. DNA damage formation

The DNA has a major role in the conservation of the genome integrity and any modification occurring to this molecule can have a significant impact on the cellular level. Consequently, extensive research has been and still going on to better understand the mechanisms of formation and the chemical modifications produced by genotoxic agents. These compounds can be ionizing (X-ray, gamma-ray, heavy ions) and non-ionizing (UV, visible light) radiations.

Although different mechanisms can induce the same DNA damage, the type of damage induced still depends on the nature of the genotoxic agent [START_REF] Ravanat | UV and ionizing radiations induced DNA damage, differences and similarities[END_REF]).

X-ray induced damage

After exposure to ionizing radiation such as X-rays, the DNA lesions can be produced directly or indirectly, as mentioned before (chapter III.2.1). The direct effect induces a direct ionization of DNA, while the indirect effect is due to the ROS generated by the water radiolysis, that can damage DNA [START_REF] Nikitaki | Stress-induced DNA damage biomarkers: applications and limitations[END_REF]. In the end, both effects will lead to the formation of similar DNA lesions. The lesions formed after irradiation of aqueous solutions of DNA bases and the mechanisms underlying their formation are described below.

Thymine

The structures and mechanisms of formation of thymine lesions are found in Figure 42 (the numbers in bold in the text refer to this figure). Two different mechanisms can follow the one electron oxidation of the thymine (1). The thymidine radical cation (2) can either undergo deprotonation (30%) or react with water (70%) [START_REF] Ravanat | Chromatographic methods for the analysis of oxidatively damaged DNA[END_REF]. The hydration reaction induces the formation of an unstable hydroperoxide (3) that decomposes, after addition of molecular oxygen, to generate mostly 5,6-dihydroxy-5,6-dihydrothymidine (4), also named thymidine glycols that are the predominant products generated in cells exposed to ionizing radiation [START_REF] Pouget | Formation of Modified DNA Bases in Cells Exposed either to Gamma Radiation or to High-LET Particles1[END_REF]. The decomposition products can also be hydanthoin (5) and formamide (6) derivatives. On the other hand, deprotonation of the thymidine radical cation (2) generates the 5-methyl-2′-deoxyuridine radical (7) that produces, in the presence of molecular oxygen, an unstable derivative (8) that decomposes into 5-hydroxymethyl-2′-deoxyuridine (9) and 5formyl-2′-deoxyrudine (FordUrd) (10). As said before, the same products are generated by reaction of thymidine with the hydroxyl radicals or by one electron oxidation (direct effect of ionization).

Two competitive pathways can take place with the hydroxyl radicals HO • : hydrogen abstraction or addition onto double bounds, the two of them leading to the formation of the same products described above. The HO • addition (main process: 95%) leads to the formation of (4, 5, 6)

through the decomposition of the radical (3). In addition, HO • could also remove a hydrogen atom of the methyl group of thymine (5%) generating (7) that, by reaction with molecular oxygen, is at the origin of ( 9) and (10) [START_REF] Ravanat | UV and ionizing radiations induced DNA damage, differences and similarities[END_REF].

Adenine

The structures and mechanisms of formation of adenine lesions are found in Figure 43 

Aqueous DNA solutions

The one electron oxidation (direct effect) of DNA solutions is known to mostly generate guanine lesions [START_REF] Nikitaki | Stress-induced DNA damage biomarkers: applications and limitations[END_REF]. Since the guanine has the lowest ionization potential between the DNA constituents, even if oxidation happens on a different DNA base, a fast electron transfer happens from guanine to the initially produced radical cation that is therefore "chemically" repaired [START_REF] Cadet | Radiation-induced DNA damage: formation, measurement, and biochemical features[END_REF]). Such transfer reaction leaves a guanine radical cation, 

UV-induced damage

As the UV light can be directly absorbed by the DNA, the UV effect is known to have particularly toxic effects, by producing specific DNA damage. After photon absorption, the DNA bases are in an excited state, and two major classes of DNA damage can be produced at pyrimidine sequences [START_REF] Cadet | Dommages des acides nucléiques induits après exposition aux rayonnements X et UV[END_REF]. The cyclobutane pyrimidine dimers (CPD) are formed by a cycloaddition of the two C5-C6 double bounds of two adjacent pyrimidine bases located on the same strand. There are four possible dimeric products: TT, TC, CT, and CC that can be produced (Mouret et al. 2006). The other type of dimeric lesions is identified as a pyrimidine pyrimidone photoproducts (64PP). They are produced by a [2 + 2] cycloaddition between the C5-C6 double bond of the 5′-end base and the C4 carbonyl group of a 3′-end pyrimidine [START_REF] Cadet | Formation of UV-induced DNA damage contributing to skin cancer development[END_REF]. These lesions are specifically produced by the UV light and are therefore considered as a signature for UV exposure.

III.2. Ultra-high performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS)

UPLC coupled to tandem mass spectrometry is the method of choice for measuring even low levels of DNA damage [START_REF] Ravanat | Chromatographic methods for the analysis of oxidatively damaged DNA[END_REF]). This technique is very sensitive and specific. Currently, the trend is towards UHPLC systems because it allows to strongly reduce the width of the chromatographic peaks, and to decrease the time necessary for the separation while keeping a very good resolution. In this study, the machine used is a SCIEX QTRAP 6500+ System. The description of the technique and the characteristics of the 6500+ system will be detailed below. 

Liquid Chromatography

Liquid chromatography, a separative analysis technique, allows the separation of complex mixtures by distribution of the compounds between two immiscible phases: the stationary phase and the mobile phase. This technique has become essential in analytical laboratories. The principles of separation of compounds on a column are that the analytes divide between the two phases until reaching an equilibrium, depending on their properties with respect to the phases considered. The separation of the different analytes is due to the fact that each molecule migrates with its own speed in the mobile phase. After the analysis is done, a chromatogram is obtained. It is a plot of a series of peaks, which corresponds to the elution of the compounds of the mixture. It can be used for qualitative analysis (retention time) and in quantitative analysis (peak area). The coupling of LC with mass spectrometry (MS) is an interesting tool because compounds can be directly identified and quantified in a selective and specific way.

Mass spectrometry

Mass spectrometry is an analytical technique allowing the identification and quantitation of compounds. It is based on the transformation of the molecules into ions, in gaseous state, to determine their molecular mass by measuring their mass over charge ratio, noted m/z (m: mass of the compound; z: charge associated with its molecular ion). This technique is based on three essential steps: ionization, analysis (ions separation) and detection. So, the machine is composed of three main parts: an ion source where ions are produced in the gas phase (the first component in Figure 46), an analyzer where the charged compounds, generated during the ionization, are separated according to their m/z ratio (components 2-6 in Figure 45) and a detector where the ion that has passed through the mass analyzer must be detected and transformed into a usable signal (component 7 in Figure 45). 4) Q1 quadrupole, ( 5) Q2 collision cell, ( 6) Q3 quadrupole and ( 7) Detector (sciex.com).

The ion source is an electrospray source (ESI). The ionization source is the first component of a mass spectrometer, it allows to ionize the molecules to be analyzed through three basic steps:

nebulization, desolvation and ionization. The HPLC effluent arrives to a nebulizing needle and a spray goes through a semi-cylindrical electrode. The potential difference between the needle and the electrode produces a strong electrical field. This field charges the surface of the liquid and forms a spray of charged droplets. The charged droplets are attracted toward the capillary orifice. There is a counterflow of heated nitrogen drying gas that shrinks the droplets and carries away the uncharged material. As the droplets shrink, they approach a point where the electrostatic forces exceed the cohesive forces. This process continues until the analyte ions are ultimately desorbed into the gas phase. These gas-phase ions pass through the capillary sampling orifice into the low-pressure region of the ion source and the mass analyzer.

As for the analyzer, the machine is equipped with a triple quadrupole system (Figure 47). The Q1 quadrupole is a filtering quadrupole that sorts the ions before they enter the Q2 collision cell. The Q2 collision cell is where the selected ion is fragmented through collisions with gas molecules to the point that molecular bonds break creating product ions. After passing through the Q2 collision cell, the ions enter the Q3 quadrupole for additional filtering. The presence of a triple quadrupole analyzer allows a multi-transition scanning mode ("MRM, Multiple

Reaction Monitoring"). The transition from the parent ion to the daughter ion is called MRM transition. The MRM represents a good quantitation mode for two reasons. The first one is the selectivity: it provides dual selectivity as both the parent ion (first quadrupole) and the daughter ions (fragments) are selected. This mode allows to follow precisely and simultaneously the MRM transitions of several parent ions. The second reason is the better sensitivity compared to the other modes of operation. After getting out of the third quadrupole, the ions enter the detector. In the detector, the ions create a current that is converted into a voltage pulse. The voltage pulses leaving the detector are directly proportional to the quantity of ions entering the detector.

In this study, a new therapeutic approach to improve the efficacy of radiotherapy is being assessed. It consists in loading the tumor with UV-emitting nanoscintillators. As described before, under X-ray irradiation, the nanoscintillators may provide a radiation doseenhancement, as they are composed of high-Z elements. In addition, the UV photons emitted by the nanoscintillators under X-ray irradiation may also generate specific cellular and DNA damage. The above-mentioned UV specific DNA lesions can be used as biomarkers to assess the contribution of each effect in increasing the treatment efficacy.

III.3. Material and methods

Material (nucleic bases, DNA, salts)

All these products used: lutetium III chloride hexahydrate LuCl3, 2'-deoxythymidine (Thd), 2'deoxyadenosine (dAdo) and DNA were purchased from Sigma Aldrich. The LuPO4:Pr 3+ nanoscintillators were supplied by Radiation Monitoring Devices (RMD, Watertown, MA) as mentioned before. An internal standard of 15 N5-8-oxodAdo M+5 used was prepared in the laboratory (Frelon et al. 2000). The internal standard is a compound with a known concentration that is added to the sample to analyze at the beginning of the protocol and covers the whole procedure. It allows to have a precise quantitation of the wanted compounds and to correct the errors due to the loss of sensitivity of the analysis method. 

Preparation of the solutions

Stock solutions of all the products were prepared by dissolving the powders in filtered milli-Q water. Prior irradiation, daughter solutions were prepared by combining one of the nucleosides or the DNA with the lutetium either under the form of LuCl3 or LuPO4:Pr 3+ at different concentrations. The initial and final concentrations of the solutions are shown in Table 4. 

Compound

Irradiation using the X-ray generator

The samples were prepared in 500 µL Eppendorf tubes (volume of irradiated sample: 30 µL).

They were irradiated using the X-ray generator described before, at 50 FSD, with a current of 195 kVp and 15.4 mA. An aluminum filter (Al 3 mm) was used. The dose rate, measured using an ionization chamber, in these conditions, was 1.76 Gy/min. The tubes containing different concentrations of the compounds and receiving the same X-ray dose, were irradiated at the same time, as shown in Figure 48. After irradiation, the samples were treated differently depending on their content (Table 5. The different steps of handling the samples after irradiation.). Every condition was performed in triplicate.

Irradiation at the synchrotron

The samples were prepared in 96-well plates (volume of sample: 60 µL/well). The plates were fixed on an inclined support for irradiation, so that each well received the same X-ray dose.

They were irradiated, one plate a time, at different monochromatic energies (30 -40 -62.31 -64.31 and 80 keV) at various X-ray doses. After irradiation, the samples were treated like the ones irradiated with the X-ray generator (Table 5. The different steps of handling the samples after irradiation.). Each plate containing different concentrations of Lu (0, 1, 2.5, 5, 10 and 20 mg/mL of LuCl3 or LuPO4:Pr 3+ ) was used to quantify a different type of lesions. There were triplicates of each condition per plate. LuCl 3 0 mg/mL 1 mg/mL 2,5 mg/ml 0 mg/mL 1 mg/mL 2,5 mg/ml 0 mg/mL 1 mg/mL 2,5 mg/ml

A A A B B B C C C LuCl 3
LuCl 3 LuCl 3 LuCl 3 LuCl 3 LuCl 3 LuCl 3 LuCl 3 LuCl 3 5 mg/ml 10 mg/mL 20 mg/mL 5 mg/ml 10 mg/mL 20 mg/mL 5 mg/ml 10 mg/mL 20 mg/mL LuPO 4 :Pr 3+ LuPO 4 :Pr 3+ LuPO 4 :Pr 3+ LuPO 4 :Pr 3+ LuPO 4 :Pr 3+ LuPO 4 :Pr 3+ LuPO 4 :Pr 3+ LuPO 4 :Pr 3+ LuPO 4 :Pr 3+ 0 mg/mL 1 mg/mL 2,5 mg/ml 0 mg/mL 1 mg/mL 2,5 mg/ml 0 mg/mL 1 mg/mL 2,5 mg/ml Table 6. The composition of the mixtures used in an enzymatic DNA digestion.

A A A B B B C C C

UPLC-MS/MS (parameters and transitions)

The DNA lesions were quantified using the UPLC-MS/MS described above in section III.2. The analytes were separated on different columns (depending on each analyte) before going into the SCIEX QTRAP 6500+ System in MRM mode. The different parameters and transitions used for each lesion are detailed in Table 7 below.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.3.1 (La Jolla, CA). For each experiment, the number of lesions was statistically analyzed using two-way ANOVA and Tukey's multiple comparisons test. In the figure panels, statistical significance is indicated with single-(p≤0.05), double-(p≤0.01), triple-(p≤0.005), or quadruple asterisks (p≤0.001). And the asterisks represent the comparison between the DNA lesions in presence of heavy elements and in absence of the heavy elements at each dose. 

Results and discussion

As mentioned before, the use of UV-emitting nanoscintillators in combination with radiotherapy may allow to combine the radiotherapeutic effect, the radiation dose enhancement effect and the UV effect. Since each of these effects induce specific DNA damage, the quantitation of these lesions allows to assess their efficacy. In this paragraph, the results of radio-induced damage are shown in a first place, followed by the UV-induced photoproducts.

The radiation dose-enhancement effect 1.The thymidine (Thd) lesions

Thymidine lesions were used as chemical dosimeters to evaluate the lutetium radiation doseenhancement. Aqueous solutions of Thd were irradiated in the presence of different concentrations (0, 10 and 20 mg/mL) of either lutetium salts (LuCl3) or nanoscintillators (LuPO4:Pr 3+ ). The irradiations were performed using the polychromatic beam of an X-ray generator (195 kVp) and at various X-ray doses (0, 5, 10 and 20 Gy). The irradiation of aqueous solutions of Thd (0.1 mM) was followed by analysis of the thymine glycols and the FordUrd lesions by UPLC-MS/MS.

We first assessed the linearity of lesion formation as a function of X-ray dose. A linear increase in the thymine glycols formed was observed, but formation of FordUrd was very low, as shown in Figure 51. These findings are in agreement with the literature because the mechanism leading to the formation of thymine glycols is dominant when irradiating Thd (70%) [START_REF] Ravanat | UV and ionizing radiations induced DNA damage, differences and similarities[END_REF].

The formation of these lesions in presence of lutetium was then measured. As shown in Figure 52, the formation of thymine glycols was significantly lower in presence of both LuCl3 and On the contrary, an increase in the formation of FordUrd was observed, as shown in Figure 53 for increasing concentrations of LuCl3 (A) and LuPO4:Pr 3+ (B). The formation of FordUrd was linear relative to the X-ray dose when irradiated with the nanoscintillators, for both concentrations (y = 76.58x (R 2 = 0.9889) and y = 91.22x (R² = 0.9871) for 10 mg/ml et 20 mg/mL of LuPO4:Pr 3+ , respectively). In addition, there was a significant difference between the quantities formed in the presence of 10 and 20 mg/mL of LuPO4:Pr 3+ at all irradiation doses (p < 0.0001 using Tukey's multiple comparisons test in the two-way ANOVA analysis to compare the results of 10 and 20 mg/mL at all doses). In presence of LuCl3, the relationship tends to a saturation level, both for 10 mg/ml and 20 mg/ml of LuCl3.

Based on these results we can make the hypothesis that the chemistry of the radicals formed, and the resulting mechanisms of DNA damage formation are altered in the presence of heavy elements in the solution. Therefore, measuring the thymine glycols formation is not sufficient to evaluate the radiation dose-enhancement and it is necessary to measure the other DNA lesions formed. Other oxidative lesions of Thd, such as the HmdUrd and HOOMedUrd, could also be quantified by UPLC-MS/MS in the future to bring additional information on the mechanisms.

dAdo as a chemical dosimeter

Another chemical dosimeter that can be used is the dAdo. Aqueous solutions of dAdo with concentrations ranging from 0.02 mM to 0.5 mM were irradiated at increasing X-ray doses (0, 2, 5, 10 and 20 Gy) using the X-ray generator (195 kVp,15.4 mA,50 FSD). The results show . The formation of 8oxodAdo was found to be linear relative to the X-ray dose, for all concentrations (the fits and R² are shown in Table 8). For the two concentrations of 10 and 20 mg/mL, the quantity of 8oxodAdo significantly increases in the presence of LuCl3 in comparison to the irradiation of dAdo alone, (p<0.0001). A significant difference was also observed between 10 and 20 mg/mL of LuCl3 at 2 Gy (p < 0.001) and 4 Gy (p < 0.0001).

The 8oxodAdo formation yields per X-ray dose unit (slopes of formation) were used to calculate the DEFs using the equation ( 2.2) and a comparison with the theoretical values is shown in . A good agreement was found between the experimental and the theoretical DEFs, demonstrating that this chemical method could be used for evaluating the radiation dose-enhancement. A study of the formation rate of dAdo as a function of X-ray energy was performed using a monochromatic beam of synchrotron radiation at the ESRF (ID17). Similar aqueous solutions containing 0.1 mM of dAdo and 0.01 µM of internal standard of 8oxodAdo M+5 in the presence of different concentrations of LuCl3 (0, 10 and 20 mg/mL) were irradiated at several doses (0, 5, 10 and 15 Gy) and at different energies (37.92, 39.92, 62.31, 64.31 and 81.72 keV). Only the results of the irradiation at 64.31 keV are shown in Figure 57 but the trend is the same at all the energies. The formation of 8oxodAdo is linear with the dose (fits and R² in Table 9) and significantly increases with the increasing concentrations of LuCl3. Also, there is a significant difference (p < 0.0001) when the irradiations were performed in the presence of 10 and 20 mg/mL of LuCl3. So, the same observations were obtained using a monochromatic and a polychromatic X-ray beam. In the same way as before, the yields of formation of 8xodAdo (slopes of formation) were used to calculate the experimental DEFs and plot them as a function of the energy along with the theoretical values. As it can be seen in Figure 58. After validation of the radiation dose-enhancement lutetium salts using the dAdo chemical dosimeter, the lutetium was tested as a nanoscintillator LuPO4:Pr 3+ . So, aqueous solutions containing 0.1 mM of dAdo and 0.01 µM of internal standard of 8oxodAdo M+5 in the presence of different concentrations of LuPO4:Pr 3+ (0, 10 and 20 mg/mL) were irradiated at increasing doses (0, 5, 10 and 20 Gy) using a polychromatic beam delivered by the X-ray generator (195 kVp,15;4 mA,50 FSD). As for the salts, the formation of 8oxodAdo was found to be linear with the dose and significantly increased in the presence of the nanoscintillators. However, this increase was not found to be proportional to the concentration. The radiation yields of 8oxodAdo formed in presence of 10 and 20 mg/mL of LuPO4:Pr 3+ (Figure 59. (fmoles/Gy) after irradiation of aqueous solutions of dAdo in presence of different concentrations of LuPO4:Pr 3+ . Each value represents mean +/-SD (* p < 0.1 and **** p < 0.0001). .

To conclude, the presence of lutetium in the solution during irradiation, whether in the form of salts or nanoscintillators, induces an increase in the radiation dose. This RDE effect can be measured using the dAdo as a chemical dosimeter and a good agreement between the theoretical and experimental values were obtained versus the irradiation energy with the LuCl3 salts. In presence of the nanoscintillators, the dAdo yields of formation were also found to be linear versus the radiation dose, however a discrepancy was observed.

The RDE measured by the DNA lesions

Aqueous solutions of DNA (0.1 mg/mL) were irradiated in the presence of different concentrations of LuPO4:Pr 3+ (0, 5 and 20 mg/mL) using a polychromatic beam delivered by the X-ray generator at 0, 20 and 100 Gy (195 kVp,15.4 mA,50 FSD). After irradiation, various oxidative lesions were quantified using the UPLC-MS/MS. As seen in Figure 60. 10). There is also an increase of the thymine glycols formed in the presence of nanoscintillators and a significant difference between 5 and 20 mg/mL of LuPO4:Pr 3+ (p < 0.0001) at 100 Gy. However, there was no increase in the FordUrd, as observed when Thd solutions were irradiated in the presence of the nanoscintillators.

Concentration

LuPO4:Pr 3+ 0 mg/mL LuPO4:Pr 3+ 5 mg/mL LuPO4:Pr 3+ In order to study the effect of the energy on the RDE, the monochromatic beams of the synchrotron radiation at the ESRF were used. Aqueous solutions of DNA (0.1 mg/mL) were irradiated in the presence of different concentrations of LuPO4:Pr 3+ (0, 10 and 20 mg/mL) at 0, 5, 10 and 15 Gy and at different energies (37.92, 39.92, 62.31, 64.31 and 81.72 keV). Only the thymine glycols were quantified by UPLC-MS/MS after irradiation. The results, presented in (Table 11). There is also a significant difference (p < 0.0001) between the yields of formation of thymidine glycol lesions in presence of 10 and 20 mg/mL at all doses of irradiation The comparison between the experimental and the theoretical DEFs is shown in Figure 63.

Comparison between the experimental and theoretical DEFs created in the presence of (A) 10 and (B) 20 mg/mL of LuPO4:Pr 3+ .. A good agreement bewteen the theoretical and experimental DEFs was obtained versus the radiation energy.

In conclusion, the measurement of the thymine glycol lesions by UPLC-MS/MS allowed to accurately measure the radiation dose-enhancement induced by the LuPO4:Pr 3+ nanoscintillators, versus the X-ray energy and the nanoscintillators concentration.

The UV effect of LuPO4:Pr 3+

The LuPO4:Pr 3+ are UV-emitting nanoscintillators as mentioned before (Müller et al. 2018a).

So, in addition to the RDE effect, a UV effect due to the UV emission by the Pr 3+ is expected.

To measure this effect, aqueous solutions of DNA (0.1 mg/mL) were irradiated in the presence of different concentrations of LuPO4:Pr 3+ (0, 10 and 20 mg/mL) using a polychromatic beam delivered by an X-ray generator (195 kVp, 15.4 mA, 50 FSD) at increasing doses (0, 3, 6 and 18 Gy). After irradiation, two types of UV-specific DNA damage, the TT-CPD and 64-PP, were quantified using the UHPLC-MS/MS. The first experiments didn't show any formation of UV photoproducts in the presence of nanoscintillators. We hypothesize that the presence of the nanoscintillators in the solutions disturb the quantitation of the photoproducts, or that the quantity of UV emitted is not sufficient to be measured. In order to test the first hypothesis, aqueous solutions containing DNA (0.1 mg/mL) and LuPO4:Pr 3+ (0, 10 and 20 mg/mL) were irradiated using a UV-C lamp. The TT-CPDs and 64-PPs were quantified in all the samples and compared to a sample containing only standards of the photoproducts (0.1 µM). Figure 64. Once validated that the presence of the nanoscintillators doesn't bother or interfere with the quantitation of photoproducts, aqueous solutions containing DNA (0.1 mg/mL) and LuPO4:Pr 3+ (0, 10 and 20 mg/mL) were irradiated at higher doses (20 and 100 Gy) using the X-ray generator ( 195 kVp,15.4 mA,50 FSD) in order to increase the UV emission by the nanoscintillators to create UV damage. Surprisingly, again, neither TT-CPDs nor 64-PPs could be detected in the samples, even when irradiated at 100 Gy, as seen in Figure 66. Chromatogram of a solution containing DNA (0.1 mg/mL) in the presence of LuPO4:Pr 3+ (20 mg/mL) irradiated at 100 Gy using an Xray generator (195 kVp,15.4 mA,50 FSD).. ): an intense peak in the area 240-300 nm, which corresponds well to the Pr 3+ luminescence, was observed for the LuPO4:Pr 3+ sample, and there is no such a peak for the undoped samples. Thus, the absence of formation of photoproducts under X-radiation can be explained by the absence of UV luminescence of the doped samples. (20 mg/mL) irradiated at 100 Gy using an X-ray generator (195 kVp,15.4 mA,50 FSD).

Since the radioluminescence study was performed on powder samples, we tested whether the fact that the nanoparticles are in powder form affects their UV emission. The following experiment was performed: LuPO4:Pr 3+ nanoparticles were placed in a thin quartz tube which was after placed in an Eppendorf tube containing aqueous DNA solutions (0.1 mg/mL). The whole system was then irradiated at several doses using the X-ray generator (195 kVp,15.4 mA, 50 FSD). After irradiation, the formation of photoproducts was measured by UPLC-MS/MS. No photoproducts were detected even for high doses of irradiation (100 Gy). These results suggest that the amount of UV emitted by the nanoscintillators is too low to induce a significant formation of photoproducts. Under these conditions, it seems difficult to imagine that the UV effect plays a role in the biological effect of nanoscintillators in-vitro. In conclusion, in this chapter, the RDE effect was studied using the DNA lesions as chemical dosimeters. The presence of Lu in the irradiated solutions (as salts or nanoscintillators) induced an increase in the number of FordUrd, oxidative lesion of Thd, formed with the increasing concentrations, whereas a concomitant decrease in the formation of thymine glycols was observed. Such results suggest that the presence of salts or nanoscintillators affects the chemistry of radiation-induced thymidine decomposition. In contrast, for dAdo, the number of 8oxodAdo formed was 1.7-times and 2.2-times higher in the presence of 10 mg/mL and 20 mg/mL LuCl3 respectively, when irradiated using the polychromatic beam of the X-ray generator. These results are in agreement with the theoretical values of the DEF that were calculated: 1.7 for 10 mg/mL and 2.4 for 20 mg/mL. In addition, the quantitation of the 8oxodAdo formed when irradiating at the synchrotron allows an energy study. The results demonstrated an energy dependent RDE in the presence of LuCl3. The calculations of the DEFs also allowed to demonstrate this effect, specially below and above the k-edge of Lu (63.31 keV). In the presence of nanoscintillators, there was an increase in the lesions formed, however it was not proportional to the concentrations of LuPO4:Pr 3+ present. Finally, when irradiating aqueous DNA solutions in presence of LuPO4:Pr 3+ , the results are similar. There is an increase of 1.50-fold and 1.96-fold of the thymine glycols formed for 5 and 20 mg/mL of LuPO4:Pr 3+ respectively, results that are in agreement with the theoretical values. In addition, a quantitation of the 8oxodG, the dominant oxidative lesion when irradiating aqueous DNA solutions, showed an increase in the presence of Lu at any concentration (data not shown). On the first hand, these results validate the use of DNA lesions to assess the RDE effect. On the other hand, they suggest an alteration in the mechanisms of DNA damage formation and the chemistry of the decomposition of generated radicals. Usually, the main oxidative lesions of Thd that are formed are the thymine glycols (70%) that significantly decreased in the presence of any concentration of Lu. The same results were seen with the 8oxodG. One possible explanation could be the presence of chlorine ions Cl-in the solution. These ions are highly reactive with the hydroxyl radicals to form Cl • radicals. On one hand, this stops the HO • -mediated oxidation of DNA. On the other hand, the Cl • are less reactive than the HO • , which favors the minor oxidation pathways [START_REF] Whiteman | Hypochlorous Acid-Induced Base Modifications in Isolated Calf Thymus DNA[END_REF]. In order to test this hypothesis, Thd solutions were irradiated in the presence of lutetium acetate AcLu (Lu(CH3COO)3). The solutions were prepared the same as described for LuCl3 in section III.2.2 and the irradiations were done as described in section III.2.3 using the X-ray generator with an Al 3 mm filter at 50 FSD, with a current of 195 kVp and 15.4 mA. After irradiation, the Thd-oxidative lesions were quantified using the UPLC-MS/MS. The results showed a decrease of the thymine glycols formed as seen with the LuCl3 (Figure 68). However, no increase in the FordUrd was seen. So, once again, an alteration of the oxidative mechanisms was seen, which needs further investigations. Also, a quantitation of the obvious DNA lesions formed is not enough and other oxidative lesions and intermediate radicals should be quantified as well. For example, HmdUrd and HOOMedUrd for Thd, FapyA for dAdo and FapyG for aqueous DNA lesions.

III.5. Summary

Like the RDE effect, the UV effect was expected to be validated when quantifying the photoproducts generated when irradiating in the presence of the nanoscintillators. However, it was not the case. No photoproducts were detected even when irradiation at high doses (100 Gy) in presence of 20 mg/mL of LuPO4:Pr 3+ . This result makes it difficult to imagine that in cells the UV effect plays a significant role in the biological effect of nanoscintillators, as it was postulated by (Müller et al. 2018b) specially that the UPLC-MS/MS is a very sensitive and specific method of analysis. In their publication, Müller et al. were able to detect the presence of CPDs using an immunofluorescence assay in cells treated with 2.5 mg/mL of LuPO4:Pr 3+

prior irradiation with 4 Gy (Figure 69. Detection of CPDs for HFF1 cells after combined treatment with 4 Gy and 2.5 mg/ml LuPO4:Pr 3+ NPs. Absorbance at 450 nm (a) and amount of CPDs (b) (Müller et al., 2018)). One possible explanation could be that the presence of nanoscintillators modifies the coloration of the solution, thus the absorbance measured in presence of the nanoscintillators alone. Another explanation could be that the antibodies they used were not specific enough.

Such an hypothesis is in agreement with the fact that a slight increase in pyrimidine dimers is observed when cells are irradiated with X-ray, but it is well known that under these conditions no pyrimidine dimers are produced. In addition, other complex lesions (including dimeric ones) are known to be produced by ionizing radiation, and may be these lesions could be also detected using the immunological approach that is less specific than UPLC-MS/MS. 

IV. The efficiency of a combined treatment on a glioma cell line

After validation of the radiation dose enhancement effect of the NS, in this chapter, the effects of LuPO4:Pr 3+ nanoscintillators under irradiation were evaluated using in-vitro studies. In the first part of the chapter, the glioma cell line used, the F98 glioma model, is described. Then, the biological effects induced by X-ray irradiation are detailed. In the second part of the chapter, the results obtained using clonogenic assays, comet assays and 53BP1 immunostaining assay to measure the efficacy of a treatment combining NS and X-rays are presented, as well as the internalization and cellular uptake of the NS.

IV.1. F98 glioma cell line

The glioblastoma is the most common, aggressive, and malignant type of gliomas. A histopathological analysis of F98 glioma has allowed it to be classified as an anaplastic or undifferentiated glioma. It is characterized by its low immunogenicity and its infiltrating proliferation. These characteristics make it a model relatively comparable to human glioblastomas. Tumors derived from F98 are very aggressive and their growth is exponential.

The injection of 1000 tumor cells into the caudate nucleus of the rat causes the growth of a tumor that reaches 3 to 4 mm in diameter and a volume of 20 to 30 µL, 13 days after the implantation of the cells [START_REF] Taupin | Nanoparticules et rayonnement synchrotron pour le traitement des tumeurs cérébrales[END_REF]). In contrast with other models such as 9L and C6, the F98 model is weakly immunogenic, which makes it more suitable for studying the efficiency of treatments in immunocompetent rats, when the endpoint is the survival time or cure of the tumor. In fact, the 9L gliosarcoma and C6 glioma are two of the most used models in research providing important information about brain tumors biology and therapy. However, their main limitation is that they are highly immunogenic and trigger an autoimmune response that may cause them to regress spontaneously [START_REF] Barth | Rat brain tumor models in experimental neuro-oncology: the C6, 9L, T9, RG2, F98, BT4C, RT-2 and CNS-1 gliomas[END_REF]. In the framework of this thesis, in-vitro studies were performed using the F98 cell line, in view of future preclinical trials, the laboratory having a great experience with this tumor model (Biston et al., 2004 andAdam et al., 2005).

IV.2. The biological effects of radiation 1. Consequences of ionizing radiation

The efficacy of radiotherapy relies on the death of tumor cell by production of secondary charged particles and free radicals that induce the formation of damage to the biological molecules, in particular DNA. This damage can be caused by two mechanisms: the molecule of interest can be directly ionized, or during water radiolysis the chemical species generated (the most important being the OH • radical) can interact with the DNA or other cellular components. These direct or indirect effects eventually initiate a cascade of events followed by changes in the biological structure, which leads to cell death if the damage is not repaired.

Direct effects

Whatever the nature of the irradiation, there is a probability that the interaction directly concerns the biological molecules. This probability is low for the DNA, for example, with low linear energy transfer (LET) particles. Indeed, in a concentrated solution of DNA, for example at 1 mg/ml, the water represents 99.9% of the mass. Under these conditions, the DNA will only undergo, to a first approximation, one ionization for every 1000 produced on water (Spotheim-Maurizot 2003). On the other hand, direct effect on the DNA is considered dominant in the case of high LET radiations. The direct effect may consist of electron stripping with formation of a radical cation. This direct effect concerns either the sugars composing the DNA chain or the bases of the DNA. However, the lesions produced by the direct and indirect effects are similar, only the amounts of the different lesions being different [START_REF] Jalade | Mesures et modélisation des effets radiobiologiques des ions légers sur des cellules tumorales humaines : application à l'hadronthérapie[END_REF].

𝐴𝐷𝑁 𝛾 → 𝐴𝐷𝑁 •+ + 𝑒̅ (3.1)

Indirect effects

They take place when there is intervention of intermediate species due to the reaction of ionizing radiation with the water, which represents an important part of the cellular composition (70 -80%). It leads to the production of oxygenated free radicals. A free radical is an atom or a molecule with an unpaired electron on an external electronic layer. They are toxic to the cells and can cause lesions to the DNA:

𝐻 2 𝑂 𝛾 → 𝐻 2 𝑂 •+ + 𝑒̅ (3.2) 𝐻 2 𝑂 •+ + 𝐻 2 𝑂 → 𝐻 3 𝑂 + + 𝐻𝑂 • (3.3) 𝐻𝑂 • + 𝐴𝐷𝑁 → 𝐴𝐷𝑁 •+ + 𝐻𝑂 - (3.4)
These transformations happen in a very short period of time after irradiation (in the order of seconds), and they are mainly monoelectronic redox reactions. In addition, a short interval of time after (10 -12 s), the recombination of radicals between them is very likely to happen in areas of high ionization density. These radicular and non-radicular species are highly reactive and are able to induce damage to the biological molecules, the DNA in particular [START_REF] Burns | Effect of radiation type in water radiolysis[END_REF]) [START_REF] Goodhead | Initial Events in the Cellular Effects of Ionizing Radiations: Clustered Damage in DNA[END_REF].

𝐻𝑂 • + 𝐻𝑂 • → 𝐻 2 𝑂 2 (3.5) 𝑒 𝑎𝑞 -+ 𝑒 𝑎𝑞 -(+2𝐻 + ) → 𝐻 2 (3.6) 𝐻 + + 𝑒 𝑎𝑞 -→ 𝐻 • (3.7)
When the DNA damage occur in the nucleus, the strand breaks are the best-known lesions due to the indirect effect of radiation. There are the single strand breaks (SSB) that can occur either at the phosphate-deoxyribose bond or at the base-deoxyribose bond. They are preferentially produced by the hydroxyl radicals HO • , their number is 3 to 4 times higher in well oxygenated cells than in hypoxic cells. A double-strand break (DSB) is a simultaneous breakage of both DNA chains at locations that are separated by less than 10 nucleotides. This type of lesions can result from the action of a single particle or from the combination of two single strand breaks due to two particles interacting in the same region. Another type of lesions in the nucleus is the alteration of the bases that can undergo a chemical modification or a destruction more or less complete, also due to the radicals formed by indirect effect. In addition, some of the DNA damage caused by radiation is reflected in abnormalities in the chromosomes, of which DNA is the main component [START_REF] Jalade | Mesures et modélisation des effets radiobiologiques des ions légers sur des cellules tumorales humaines : application à l'hadronthérapie[END_REF].

Repair mechanisms

The lesions generated by the interaction of ionizing radiations with the biological matter are the same as the daily endogenous damage created and repaired by the cell. However, the fact that radiation damage is rather concentrated at the same place, forming clustered damage sites, results in a structurally more complex damage to repair. When radiation-induced damage occurs, the cell stops all its activities to focus on repairing the damage. The main repair mechanisms involved in the repair of the damage induced by irradiation are detailed below.

Base excision repair (BER) and single strand breaks repair (SSBR)

The BER mechanism repairs the base lesions. The damaged bases are recognized and excised by DNA glycosylases, which leaves apurinic (AP) sites. There are 11 different types of glycosylases at least. They can be either monofunctional or bifunctional with a glycosylase activity only or a glycosylase and a β-lyase activity, respectively [START_REF] Chatterjee | Mechanisms of DNA damage, repair and mutagenesis[END_REF].

After recognition of the damage, the SSBR starts because these AP sites created are considered as SSBs. So, PARP1 or PARP2 (poly-ADP-ribose polymerase) detect and bind to the SSB, which activates its auto-PARylation (auto-PolyADP-Ribosylation) followed by the recruitment of different proteins depending on which patch is involved in the repair [START_REF] Jeggo | Radiation-induced DNA damage responses[END_REF]. The AP sites created from the glycosylases initiate either the short-patch-repair pathway, or the long-patch-repair pathway of BER. In both cases, an endonuclease (APE1 in humans) is recruited at the AP site. It cleaves the phosphodiester bond at the 5'-end which leaves a hydroxyl group at the 3'-end and a deoxyribose phosphate at the 5'-end. After, in the short-patch-repair, the repair gap is tailored by the lyase activity of a DNA polymerase (Pol β), followed by a single nucleotide insertion by the Pol β and ligation by the Lig1 (DNA ligase 1) or by a complex of Lig3 (DNA ligase 3) and XRCC1 (X-ray repair cross-complementing protein 1). However, in long-patch-repair, the gap repair is tailored by the phosphodiesterase activity of APE1. Then, the polymerase synthesizes in a strand-displacement manner, which is followed by a flap removal by the flap endonuclease (Fen1) and a Lig1-mediated ligation. (Chatterjee and Walker 2017) [START_REF] Biau | Altering DNA Repair to Improve Radiation Therapy: Specific and Multiple Pathway Targeting[END_REF])

Non-homologous end joining (NHEJ)

There are diverse mechanisms by which DNA DSBs are repaired, but the NHEJ is the major repair pathway [START_REF] Jeggo | Radiation-induced DNA damage responses[END_REF]. The Ku70/Ku80 heterodimer recognizes and binds to the DSB site. It activates the recruitment of numerous components involved in the NHEJ repair mechanism. The DNA-dependent protein kinase (DNA-PK) activated starts phosphorylating the nearby components, of which the ɤ-H2AX, XRCC4, ligase IV.

Once the repair complex is in place and the ends are bridged and stabilized, the DNA end processing is initiated. It involves removing the groups that are blocking the ends and resecting the resultant naked strands. The gaps that are left after the resection are filled by polymerases, then Lig4 joins the ends to finish the NHEJ process. In such mechanism, the repair is not faithful since some of the genetic information is lost [START_REF] Biau | Altering DNA Repair to Improve Radiation Therapy: Specific and Multiple Pathway Targeting[END_REF]) [START_REF] Chatterjee | Mechanisms of DNA damage, repair and mutagenesis[END_REF]. 

Homologous recombination (HR)

HR is an alternative pathway for repairing DSBs. It is a high-fidelity mechanism even though some information of the sequence at the break site is lost because it uses a sister chromatid as an undamaged homologue to repair [START_REF] Jeggo | Radiation-induced DNA damage responses[END_REF]. The MRN complex (MRE11-RAD50-NBS1) recognizes and binds to the DSB. This activates the phosphorylation of many proteins including γ-H2AX, localized at the site of DSB, making it a scaffold for MDC1

(Mediator of DNA damage Checkpoint protein), which is after phosphorylated to recruit the ubiquitin E3 ligases. First, the resection of the DNA at DSB results in a 3′ single-strand DNA, which is then coated by proteins of replication A (RPA). Afterwards, the RPA is replaced by proteins of the RAD family that mediate the invasion of the template strand creating a "D-loop".

DNA polymerases can then synthetize across the missing regions. The resulting junctions are lastly cleaved, followed by a ligation of the adjacent ends [START_REF] Biau | Altering DNA Repair to Improve Radiation Therapy: Specific and Multiple Pathway Targeting[END_REF]) (Chatterjee and Walker 2017) [START_REF] Jeggo | Radiation-induced DNA damage responses[END_REF].

When the damage is too extensive and/or complex to repair, the cell enters apoptosis. It is also possible that cell death occurs only after several cycles once the mutations have become lethal.

Finally, it is also possible that a mutated cell that has lost its control systems against genetic instability continues to proliferate and becomes a cancerous cell at the long term (Chatterjee and Walker 2017). 

Cell death

Apoptosis

Apoptosis is generally a rapid response to damage, although it can occur after several cell cycles. It is triggered by the cell when the repair of damage is considered too slow or incomplete. It is often referred to as "programmed cell death". During apoptosis, the cell changes its form and splits into apoptotic bodies.

Mitotic catastrophe

The mitotic catastrophe happens during or just after mitosis. It is due to the bad separation of the chromosomes. According to various studies, it is more of a transitional process leading to apoptosis or necrosis. Mitotic catastrophe and apoptosis are the main losses of cells following damage caused by ionizing particles.

Autophagy

The autophagy is a process by which the cell digests itself. It is a process that is generally in favor of cell survival: it allows the synthesis of metabolic precursors for cell renewal and recycling of the compounds. However, it can also lead to cell death, constituting an alternative when the cell resists apoptosis.

Senescence

When it goes into senescence, the cell does not really die but cannot proliferate anymore.

It remains blocked in the G1 phase, in order to limit the risk of cancer in case of mutation but it continues to be active. The senescent cells are larger, spread out and granular.

Necrosis

Necrosis was previously described as a non-programmed process. Today, it seems that necrosis is a process regulated in the genes. A cell entering necrosis can be recognized by membrane rupture, enlarged organelles, increased vacuoles and random DNA damage.

Despite all the research work, the molecular bases underlying the choice of the cell death type the cells undergo are still not well elucidated and need better understanding, thus the intense investigation required in the field.

IV.3. Material and methods

In the current section, the experimental conditions (cell culture, suspension of the nanoscintillators, irradiation parameters), as well as the analysis techniques, will be described.

Cell culture

The F98 cells were maintained in Dulbecco's modified eagle's medium (DMEM, high glucose, Glutamax, ThermoFisher) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin (P/S). The cells were maintained at standard culture conditions (37 °C, 5% CO2). The medium was changed twice a week, and they were typically passaged once per week. The cells were used between passages 8 and 12.

Preparation of the LuPO4:Pr 3+ suspension

The LuPO4:Pr 3+ nanoscintillators (described in chapter I.4.3) were supplied by Radiation

Monitoring Devices (RMD, Watertown, MA) as a powder. The amount needed to prepare a solution was weighed and suspended in complete medium (DMEM + 10% SVF + 1% P/S) containing 0.1% Darvan. The Darvan is a dispersing agent that prevents the agglomeration of the particles in the media [START_REF] Cunningham | High-solid-content hydroxyapatite slurry for the production of bone substitute scaffolds[END_REF]). The suspension is sonicated for 20 minutes before use.

Irradiation

The X-ray generator was used to irradiate the cells. They were irradiated at 40 FSD, with a polarization of 195 kVp and current intensity of 15.4 mA. An aluminum filter (Al 3 mm) was used to decrease the proportion of low energy X-rays in the spectrum as described in section 5

(Figure 31). The dose rate, measured using an ionization chamber coupled to an electrometer, in these conditions, was 2.8 Gy/min.

Colony formation assay

The gold standard test for determining the cytotoxicity of a treatment involving radiations is the colony formation assay, because a cell is considered as "radio-biologically dead" when its reproductive integrity is lost. This test assesses the ability of each cell in the population to proliferate thus taking into account "the death of cell reproduction" [START_REF] Retif | Nanoparticles for Radiation Therapy Enhancement: the Key Parameters[END_REF]. The colony formation assay was first used in order to study the cytotoxicity of the NS. It was also used to assess the efficacy of the treatment combing the NS and irradiation

Cytotoxicity

The cells were seeded at 6x10 5 cells/flask in 25 cm 2 flasks (3 flasks per concentration) with complete media. After 24 hours, the media was replaced with medium containing different concentrations of LuPO4:Pr 3+ ranging from 0 to 5 mg/mL (0, 0.25, 0.5, 0.75, 1, 2.5 and 5 mg/mL). 24 hours after the incubation with the NS, the cells were collected. They were first rinsed with 5 mL PBS and 1 mL of trypsin-EDTA was added in each flask. After 4 min of incubation at 37°C for 4 min, 3 mL of complete media were added to inactivate the trypsin and the cells were collected. The cell suspension was centrifuged (5 min at 300g), resuspended in complete media and counted with an automatic counter after labeling with trypan blue to check their viability. Next, they were seeded in 100 mm Petri dishes at different cellular densities (3 densities per flask in triplicate, total of 9 replicates per flask). They were then incubated at standard culture conditions (37°C, 5% CO2) for 10 days. After this period, the media was replaced with 2 mL of crystal violet (0.5% in EtOH/H2O). After agitation for 10 min, the dishes were rinsed with milli-Q water and the colonies were left to dry and counted manually afterwards (Figure 72). 

Treatment combining the nanoscintillators and irradiation

The concentration chosen for the treatment was 2.5 mg/mL of LuPO4:Pr 3+ . The cells were seeded, treated, irradiated (Figure 73) and collected using the same protocol described in the cytotoxicity paragraph above. After being collected, the cells were seeded in 6-well plates at different cellular densities (3 densities per flask in triplicate, total of 9 replicates per flask).

They were then incubated at standard culture conditions (37°C, 5% CO2) for 9 days. After this period, the media was replaced with 100 µL of violet crystal (0.5% in EtOH/H2O). After agitation for 10 minutes, the dishes were rinsed with milli-Q water and the colonies were left to dry and counted manually afterwards.

TEM (transmission electron microscopy)

The cells were seeded in glass slide culture chambers (LAB-TEK 4 chambers) at a density of 5x10 4 cells per chamber. 24 hours after seeding the cells, 2.5 mg/mL of LuPO4:Pr 3+ were added.

After 24 h of incubation, the cells were rinsed with PBS and some of them were irradiated at 2 Gy using the X-Ray generator, un-irradiated cells serve as controls. After irradiation, the cells were washed with 0.1 M PHEM buffer at pH 7. The PHEM buffer is composed of 30 mM PIPES (piperazine-N,N′-bis(2-ethanesulfonic acid)), 12.5 mM HEPES (4-(2-hydroxyethyl)-1piperazineethanesulfonic acid), 5 mM MgCl2, and 1 mM EGTA (Ethylene glycol tetraacetic acid). The cells were then fixed for 30 min at room temperature with 4% PFA (paraformaldehyde) and 0.4% glutaraldehyde prepared in 0.1 M PHEM to which was added culture medium without serum (v/v). Fixation continued for an additional 30 min at room temperature in 2% PFA and 0.2% glutaraldehyde prepared in 0.1 M PHEM. The cells were after rinsed three times in 0.1 M PHEM and post-fixed in 1% osmium tetroxide (OsO4) and 1.5% potassium ferrocyanide (K3Fe(CN)6) in 0.1 M PHEM buffer for 1h at room temperature.

These steps were followed by 3 rinses with water, then staining of the samples with 0.5% uranyl acetate in 30% ethanol for 30 minutes at room temperature, protected from light. The fixed and stained cells were then dehydrated in an ethanol gradient and impregnated within EPON TM resin. Ultra-thin sections were then done (80 nm) with the Leica UC7 ultra-microtome and collected on copper grids coated with Formvar carbon. The sections were observed on a transmission electron microscope (Tecnai G2 Spirit BioTwin (FEI) equipped with an ORIUS SC1000 CCD camera (Gatan)), operating at 120 kV (performed by Christine Moriscot at the MET platform (IBS, Grenoble).

ICP-MS (Inductively Coupled Plasma Mass Spectrometry)

The ICP-MS is an analytical technique that allows a precise measurement of the concentration of metallic elements in a sample. During the analysis, the sample is first mineralized and ionized by a plasma torch prior to MS measurement. The spectrometer then separates these ions according to their mass/charge ratio, which makes it possible to determine the nature of the element and also to quantify the elements to be studied by an external calibration [START_REF] Pröfrock | Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) for Quantitative Analysis in Environmental and Life Sciences: A Review of Challenges, Solutions, and Trends[END_REF].

The cells were seeded, treated, irradiated and collected using the same protocol as the combined treatment except that the concentration was 2 mg/mL of LuPO4:Pr 3+ and some of the flasks were irradiated at 2 Gy only. After collection, one million cells of each condition (cells irradiated or not, in triplicates each) were transferred into 2 mL Eppendorf tubes. They were centrifuged, resuspended in PBS and then centrifuged again in order to wash remaining NS. The supernatant was aspirated, and the cell pellets were stored at -20°C before being sent to Pascale Mascunan at the ICP-MS platform at Ircelyon (Institut de recherches sur la catalyse et l'environnement)

in Lyon. The cells were then dissolved by addition of nitric acid HNO3, and they were after mineralized by incubation in sulfuric acid at 150°C for 3-4 hours. The samples were then analyzed by ICP-MS in order to quantify the quantity of Lu and Pr present inside the cells.

Comet assay

The Comet Assay or single cell gel electrophoresis assay is one of the very widely used assays to detect DNA damage at the level of each single cell. After treatment and lysis of the cells, the electric field pulls the charged DNA from the nucleus and the damaged DNA, broken fragments, migrate further as seen in Figure 74. The resulting images were then named 'comets'

for their appearance, and they were used to determine the DNA damage [START_REF] Fairbairn | The comet assay: a comprehensive review[END_REF].

It is a simple and sensitive test. And the comet assay, in its alkaline version, detects the presence of single and double strand breaks in DNA, the main lesions induced by irradiation [START_REF] Kumaravel | Comet Assay measurements: a perspective[END_REF]).

Preparation of the slides and the buffers

At least one day before the experiment, microscope slides were covered with a thin layer of normal agarose prepared at 1% (wt/vol) in PBS, and were left to air-dry for a few hours before being stored. The lysis buffer was prepared by mixing 146.1 g of sodium chloride (NaCl), 1.21 g of Tris base and 37.22 g of powder EDTA for 1 L. The mix was dissolved in milli-Q water using a magnetic agitator and the pH was adjusted to 10 using sodium hydroxide (NaOH). In addition, the migration buffer was prepared by dissolving 60 g of NaOH and 1.86 g of EDTA in powder in 5 L of milli-Q water. On the day of the experiment, low melt agarose gel was prepared at 1% (wt/vol) in PBS and kept in the water bath at 37°C to maintain it liquid. The lysis buffer (200.25 mL) was added to 22.5 mL DMSO and 2.25 mL Triton and kept under the hood until use. 

Preparation of the samples

The cells were seeded and treated the same way as mentioned in the combined treatment. 24 hours after the incubation, the cells were collected and resuspended in PBS at a density of 1 million cells per mL. Next, they were diluted to 1/10th in the low melt agarose gel (50 000 cells per solution). Two gels of 70 µL each were placed on one of the slides described above, and covered with coverslips (20 x 20 mm), then incubated on an ice bed for 10 min. Each slide corresponds to a condition with two technical replicates for cells from the same flask. After 10 min on the ice bed, the coverslips were removed, and the cells were irradiated at different doses using the X-ray generator. For the positive control, the coverslips on one slide of the untreated cells were removed and 50 µL of 50 µM H2O2 diluted in PBS was applied on each of the two gels on the slide that was put again on ice bed for 10 more minutes, then washed in PBS. The rest of the protocol is performed in the dark.

Lysis and electrophoresis

Immediately after irradiation, the cells were lysed for 1 h at room temperature by soaking the slides in a chamber containing the lysis buffer. They were then placed in a vertical electrophoresis tank and covered with migration buffer at 4°C. This high-throughput electrophoresis tank allows 50 slides to be migrated vertically, in one run, thanks to two supports that can hold 25 slides each that can be inserted directly into the lysis, rinsing and electrophoresis tanks. This system allows to limit the handling of the slides, which avoids the loss of gels, and also allows to consume less buffers. After 30 min of stabilization in the migration buffer, the migration was performed for 30 min at 1.2 V/cm. At the end of the migration, the slides were rinsed twice in PBS for 10 min.

Analysis

For the measurements, the DNA was labeled with Gel Red (41003, Biotium) diluted to Twenty-four hours after seeding the cells in black, clear-bottom 96-well plates (353219 Falcon) at 2500 cells/well, the cells were treated with 2.5 mg/mL of LuPO4:Pr 3+ and incubated for another 24 hours. After, they were rinsed and irradiated at different doses (0, 2 and 6 Gy) using the X-ray generator. Then, 1h or 24h after irradiation, they were fixed by adding 100 µL of 4%

PFA in PBS. After 20 min of incubation, the cells were washed (three times) with PBS and permeabilized for 15 min with PBS solution containing 0.2% Triton X-100 and 3% bovine 

(B) (A)

serum albumin (BSA). After a further series of washes (3 washes with PBS), the nonspecific sites were blocked by incubating the cells for 15 min with 3% BSA in PBS. Afterward, the cells were incubated for 1 h with the primary antibody, polyclonal anti-human TP53BP1 antibody (PAB12506, Abnova) that was prepared before and diluted in PBS with 0.02% sodium azide and 3% BSA. Then, they were washed again and incubated for 1 h in the dark with a fluorescent secondary antibody Atto 633 anti-rabbit IgG produced in goat (41176, Sigma-Aldrich) prepared in PBS with 3% BSA. The immunostaining was followed by DNA staining with Hoechst 33342.

The cells were after stored in PBS containing 50% glycerol in order to conserve the plates. The number of cell nuclei and 53BP1 foci per nucleus were counted with the CellInsight CX5 screening platform. This platform is composed of an automated fluorescence microscope, capable of reading different supports fast (slides or multi-well plates up to 1,536 wells per plate) and that allows to combine several fluorescent markers during the same reading. The measurement images were then recorded, and the quantitative analysis of the results was performed by the HCS Studio 2.0 software (Figure 76). 

IV.4.

Results and discussion

Cytotoxicity and internalization

First of all, it was important to determine the concentration of nanoscintillators that can safely be used on cells. The intrinsic cytotoxicity of LuPO4:Pr 3+ on F98 cells was assessed using a colony formation assay. Counting the colonies formed after exposing the cells for 24 hours to different concentrations of LuPO4:Pr 3+ ranging from 0 to 5 mg/mL showed that the cells were still able to form colonies at a concentration up to 2.5 mg/mL. The surviving fraction was 84%

(Figure 77Error! Reference source not found.) at 2.5 mg/mL and the lethal dose DL 50% was 5 mg/mL after 24 h of cell incubation with the nanoscintillators It should be noted that for low concentrations, less than 1 mg/mL, there was an increase in the surviving fraction (up to 140%). This is not an unusual phenomenon; it is actually seen in many studies using different cellular systems in response to the exposition to ionizing radiation, UV, and chemotherapeutic agents [START_REF] Joiner | Low-dose hypersensitivity: current status and possible mechanisms[END_REF]) [START_REF] Konkova | Mesenchymal Stem Cells Early Response to Low-Dose Ionizing Radiation[END_REF]. Faced by the stress caused by these cytotoxic sources, the cells boost their damage repair mechanisms which makes them more resistant, and they start to replicate more for low doses. These findings are comparable to those obtained by (Müller et al. 2018a) on human foreskin fibroblasts (HFF1). Using a colony formation assay on HFF1 and concentrations of LuPO4:Pr 3+ ranging from 0 to 7.5 mg/mL, these authors observed a significant decrease in the cell surviving fraction for concentrations higher than 2.5 mg/mL. At 2.5 mg/ml, the surviving fraction was between 80 and 90% [START_REF] Squillante | Fabrication and characterization of UV-emitting nanoparticles as novel radiation sensitizers targeting hypoxic tumor cells[END_REF]. Using a MTT (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium) test realized on the same cell line, a decrease in the metabolic activity was observed at 2.5 mg/mL (80% cell viability) (Müller et al. 2018a). The MTT assay is a test used to measure cellular metabolic activity as an indicator of cell viability, proliferation, and cytotoxicity (Figure 78).

Electron microscopy was used to determine the localization of the nanoscintillators in the cells, in particular to determine whether they are internalized or remain accumulated on the cellular membrane. Cells treated or not with LuPO4:Pr 3+ were observed by electronic microscopy.

Figure 79 shows that the LuPO4:Pr 3+ nanoscintillators can be internalized into the F98 cells and they are accumulated as clusters in cytoplasmic vesicles. In order to have a quantitative information, ICP-MS measurements of the quantity of Lu were performed. The results showed a total quantity of 0.17 mg of Lu in one million cells. To get a rough estimate of the Lu concentration uptake, we assume that the cells have a spherical shape with an average diameter of 10 µm. For 1 million cells, the total cells volume would be 5.23x10 -4 mL which leads to an intracellular Lu concentration of 325 mg/mL. Starting from an initial concentration of 2 mg/mL of LuPO4:Pr 3+ in the culture medium, this means that the nanoscintillators were concentrated approximately 400 times inside the cells after 24h of incubation. In the literature, it has been shown that nanoparticles are able to concentrate hundreds of times inside cells. For example, in a recent study, where F98 cells were incubated with iron oxide nanoparticles [START_REF] Reymond | Nanoparticules d'oxyde de fer pour l'amélioration du traitement du glioblastome : étude de leur efficacité sous irradiation synchrotron et optimisation de leur mode d'administration[END_REF], the initial concentration of iron in the medium was 0.06 mg/mL and ICP-MS measurement showed an intracellular concentration of 100 mg/mL. Thus, the nanoparticles were 1666 times more concentrated inside the cells relative to the initial concentration in the culture medium.

Efficiency of the irradiation in presence of LuPO4:Pr 3+

Once it was established that these nanoscintillators can enter the cells at a significant and nontoxic concentration, another colony formation assay was used to determine the efficacy of a combined treatment (nanoscintillators and irradiation) compared to irradiation alone. Figure 80 shows the surviving fraction (%) as a function of the dose (Gy) of F98 treated or not with nanoscintillators before the irradiation. Cell death was significantly increased when cells were treated with 2.5 mg/mL of LuPO4:Pr 3+ 24h prior to the irradiation, compared with irradiation alone. As we can see on the figure above, for a dose of 4 Gy, the surviving fraction is 31% for irradiation alone compared to 6% for the combined treatment involving irradiation in presence of LuPO4:Pr 3+ . The statistical tests comparing survival with and without nanoscintillators were performed at each dose and were all significant with p <0.0001. A two-way ANOVA test in GraphPad Prism was used for the statistical analysis.

The dose modification factor (DMF) was calculated to evaluate the increase in efficacy of radiotherapy in presence of the nanoscintillators. The DMF is defined as the ratio of the dose in the presence of a radiosensitizer to the dose without that radiosensitizer to produce the same biological effect [START_REF] Retif | Nanoparticles for Radiation Therapy Enhancement: the Key Parameters[END_REF].

𝐷𝑀𝐹 =

Dose to produce an effect with a radiosensitizer Dose to produce an effect without a radiosensitizer (3.9)

The DMF can be calculated at any survival fraction. The survival curves were adjusted using a linear quadratic model using GraphPad Prism:

𝑦 = 100 × 𝑒 -𝛼𝑥-𝛽𝑥 2 (3.8)
where x is the dose of radiation (Gy); y is the percentage of cells surviving; α is the coefficient for linear killing and β is the coefficient for quadratic killing. The α and β values can then be used to calculate the doses needed to have a specific effect with and without the presence of the LuPO4:Pr 3+ . Surviving Fraction (%) 

DNA damage formation

To determine the origin of the combined treatment efficacy, efforts have been made to quantify DNA damage. A comet assay was realized just after irradiation, on F98 cells incubated or not with LuPO4:Pr 3+ for 24h prior the irradiation. Figure 81 presents the tail moment of the comet as a function of the radiation dose, for F98 cells that were only irradiated, or received the combined treatment. When cells are treated with 2.5 mg/mL of LuPO4:Pr 3+ before irradiation, we observe significantly higher tail moment values as a function of irradiation dose compared with irradiation only. These results demonstrate that in presence of the nanoscintillators, there is an increased number of DNA strand breaks. The results were significantly different at 2 and 6 Gy (p < 0.005). The standard deviation at 4 Gy in the control group was high and the difference was not significant. Without irradiation, the measurements were within the noise level. A two-way ANOVA test in GraphPad Prism (with unpaired t tests for multiple comparisons) was used to compare the tail moment with and without nanoscintillators at each dose. As the comet assay alone is not sufficient to determine the nature of these lesions, we used the 53BP1 immunostaining test to quantify DNA double strand breaks. The results of a preliminary experiment are presented in Figure 82, where the number of foci is plotted versus the dose after irradiation with different doses using the X-ray generator. The cells were fixed at two time points after irradiation: 1 hour and 24 hours to investigate the impact of the reparation mechanisms. The number of foci increases significantly 1h after irradiation, for all the X-ray

Tail moment (arbitrary unit) 

Tail moment (AU)

doses (2 and 6 Gy), in comparison to no irradiation (p < 0.005). One hour after irradiation, the numbers of foci were not significantly different, whether the cells were pretreated or not with the nanoscintillators before irradiation (p > 0.7). For cells "only irradiated", the number of foci decreased after 24h and return to the ground basis of number of foci observed before irradiation, for all the radiation doses. When the cells were exposed to LuPO4:Pr 3+ and irradiated at 6 Gy, we observe a significant difference in the remaining foci at 24h, in comparison to cell irradiated only at 6 Gy (p < 0.005). The number of remaining foci at 24h is 1.57 times higher when the cells were pretreated with LuPO4:Pr 3+ and irradiated at 6 Gy, compared to irradiation only. The number of foci did not change between 1h and 24h when the cells were treated with LuPO4:Pr 3+

prior the irradiation. These results suggest that even though the number of DNA strand breaks are higher (demonstrated by the comet assay), when the cells are pretreated with LuPO4:Pr 3+

prior to irradiation, the number of strand breaks formed did not increase but actually the repair mechanism may be altered due to the presence of nanoscintillators. Additional experiments are required to confirm such preliminary results. All statistical analyses were performed using GraphPad Prism 9.3.1. The statistical analysis was performed using two-way ANOVA and Tukey's multiple comparisons test. 

IV.5. Summary

In conclusion, we have observed that the LuPO4:Pr 3+ nanoscintillators have a low toxicity on F98 cells. The 50% lethal dose DL 50% was 5 mg/mL after 24 h of cell incubation with the nanoscintillators. We chose a concentration of 2.5 mg/mL for the cell studies which provides a survival fraction of 84% with 24h incubation time. The TEM and ICP-MS measurements demonstrated that the nanoscintillators are efficiently internalized by F98 cells, as they accumulate in a large quantity in cytoplasmic vesicles inside the cells with an intracellular concentration of Lu estimated to be 325 mg/mL. The pretreatment of cells with LuPO4;Pr 3+ increases the efficiency of radiotherapy for the F98 glioma cells in the clonogenic assays. The combined treatment of nanoscintillators and irradiation was able to increase the cell death by a 1.7-fold compared to irradiation only. The number of DNA strand breaks was in average 1.53fold higher in presence of the nanoscintillators. Additionally, the nanoscintillators may also have an impact on the repair mechanism of the DSB, as shown by the 53BP1 assay. This result should be taken with caution however, as this was a preliminary experiment that will require further investigations. In addition, further testing is needed to elucidate the mechanism of action by which the LuPO4:Pr 3+ nanoscintillators improve the efficacy of the radiotherapy. Another version of the comet assay could be used. This involves using DNA-formamidopyrimidine glycosylase (FPG) [START_REF] Azqueta | Enhancing the sensitivity of the comet assay as a genotoxicity test, by combining it with bacterial repair enzyme FPG[END_REF], which can measure other types of DNA lesions to which they are sensitive, with the 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) lesion being the most frequent. A proteomics and a q-PCR analysis could also permit to detect alterations in the proteins and genes involved in the repair mechanisms respectively in order to validate the impact of the nanoscintillators on the repair signaling pathways.

V. Conclusions and perspectives

Cancer is the leading cause of death by disease worldwide; it is estimated that there will be about19.8 million new cases in 2020 and more than 10 million cancer-related deaths [START_REF] Sung | Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries[END_REF]. The choice of a treatment depends on the stage of diagnosis, the cancer type and the individual, but radiotherapy is still the most used treatment for cancer with more than 50% of patients receiving radiotherapy in their treatment plan [START_REF] Ahmad | Advances in radiotherapy[END_REF]. Radiotherapy relies on the death of cancer cells caused by radiation-induced DNA damage. Despite technological advances and the use of modern radiation sources that target the tumor with a submillimeter precision, radiation therapy is still associated with toxic effects due to the radiation exposure of healthy tissues surrounding the tumor. In addition, the efficacy of the treatment not only depends on the amount of damage induced, but also on environmental factors such as hypoxia, which make the cancer cells more resistant to treatment [START_REF] De Ruysscher | Radiotherapy toxicity[END_REF].

Brain cancer represents about 2% of cancer cases, with gliomas being the most common type.

Among gliomas, glioblastoma multiforme represents more than 60% with a very poor prognosis and survival rate not exceeding 15 months due to several reasons (Liu et al. 2013b). First, it is an aggressive radioresistant type of cancer that invades and infiltrates the adjacent healthy tissues. Also, all the modalities available for treatment have limitations. The surgery is limited by the localization of the tumor and the stage of diagnosis (Jovčevska et al. 2013b).

Chemotherapy is limited by the brain-blood barrier and the resistance of the tumor cells to conventional treatment (Stupp et al. 2005b). Finally, the surrounding healthy tissues of the brain are very sensitive to radiotherapy, while tumors are radioresistant (Ali et al. 2020b), leading to severe toxic effects such as cognitive impairment, development of metabolic syndrome and cerebrovascular disease [START_REF] De Ruysscher | Radiotherapy toxicity[END_REF]. Given all these limitations, there is an urgent need to develop innovative strategies. The use of nanoparticles in combination with radiotherapy is one of them.

Nanoparticles are being used in combination with radiotherapy for several reasons. Their small size allows them to diffuse in the blood vessels and accumulate preferentially in the tumor cells via the EPR effect. In addition, their surface can be modified allowing a better targeting of tumor cells. Finally, as they are often composed of heavy elements, they can create a differential between the healthy tissues and the tumor where they accumulate, increasing the dose via the radiation dose-enhancement effect (Kuncic and Lacombe 2018b). To add even more therapeutic effects, a new approach is to use nanoscintillators in combination with radiotherapy.

Nanoscintillators are materials capable of locally converting ionizing radiations into light, ranging from the ultraviolet (UV) to near infrared (NIR), depending on their chemical composition [START_REF] Gupta | Recent advances, challenges, and opportunities of inorganic nanoscintillators[END_REF]. Several mechanisms can be added when using UV-emitting nanoscintillators to achieve better radiotherapy effectiveness. A radiation doseenhancement of the conventional therapeutic effect is expected when irradiating with low energy X-rays in the presence of high-Z elements. In addition, an increase in DNA damage could be obtained due the UV photons emitted by the nanoscintillators, as DNA strongly absorbs light in the UV range. Such treatment should also be efficient in hypoxic tissues since UV radiation is known to be toxic to DNA by inducing very specific damage via a mechanism independent of the presence of oxygen.

The objective of this thesis was to evaluate the performance of UV-emitting nanoscintillators (LuPO4:Pr 3+ ) in improving the efficacy of radiotherapy in a glioblastoma model and to try to decipher the mechanisms involved. LuPO4:Pr 3+ are nanoscintillators that have an emission between 220 and 280 nm, corresponding to the UV absorption range of the DNA. Their efficiency was previously demonstrated on human foreskin fibroblasts HFF1 using a metabolic activity assay by increasing cell death when combined to radiotherapy in comparison to irradiation alone [START_REF] Squillante | Fabrication and characterization of UV-emitting nanoparticles as novel radiation sensitizers targeting hypoxic tumor cells[END_REF]. The contribution of the UV effect was validated on a UV-sensitive cell line XP17BE (Müller et al. 2018a). These nanoscintillators were also demonstrated to be efficient and to increase the cell death of a lung cancer cell line A549 under hypoxic conditions (Müller et al. 2019b). In this work, the effects of lutetium as salts (LuCl3)

and as a UV-emitting nanoscintillator (LuPO4:Pr 3+ ) were studied using three different approaches.

The first approach was the use of dosimetric gels that are being more and more used to verify the 3D distribution of the dose during radiotherapy (Alyani Nezhad and Geraily 2022). The gels that were used in this thesis are NIPAM gels that are less toxic than the most commonly used nPAG formulation. They have a linear response up to about 7 Gy and they are stable until at least 5 months after irradiation (Figure 38). The conventional analysis method of dosimetric gels is the MRI. Due to the expensive cost and the MRI machines not being always at disposal, it is of great interest to find another method of analysis cheaper and more accessible. In this work, the use of the optical scanner as an analysis method was validated; the dose response measured was in agreement with the theoretical calculations and the MRI measurements. As for the RDE, the presence of LuCl3 induced an increase of 1.67-fold and 2.19-fold in the deposited dose for 10 mg/mL and 20 mg/mL, respectively, when irradiated using the polychromatic beam of an X-ray generator (Figure 40). The irradiation using the synchrotron radiation allowed to study the energy dependency, where a jump at the Lu K-edge is expected according to the theoretical estimations of the DEFs (Figure 41). Despite the promising results obtained using LuCl3, the experiment could not be carried out with LuPO4:Pr 3+ , because the solution gelified during the batch preparation. Dosimetric gels have already shown to be efficient in studying the RDE of various types of nanoparticles like gold, bismuth, iodine, and gadolinium [START_REF] Titus | Current scenario of biomedical aspect of metal-based nanoparticles on gel dosimetry[END_REF]. So, further experiments need to be done in order to elucidate the reason behind the immediate gelification upon addition of the nanoscintillators to the batch.

Also, more high-Z elements can be tested for further validation of the obtained results.

Secondly, the quantitation of DNA lesions allowed to measure the increase in the deposited dose in the presence of lutetium as salts and as nanoscintillators. The dose-enhancement factor measured was in agreement with the theoretical values calculated for 8oxodAdo and DNA lesions (thymine glycols). However, when irradiating Thd solutions in presence of Lu, there was an increase in the FordUrd and a decrease in the thymine glycols, major oxidative lesion of Thd. Also, there was no increase in the 8oxodG, the most quantified lesion when irradiating DNA. This suggests an alteration of the mechanisms of DNA damage formation and the chemistry of the decomposition of generated radicals. As for the UV effect, no effect could be demonstrated since no photoproducts were quantified even when irradiating with high doses and concentrations. Therefore, in future experiments, other oxidative lesions and intermediate radicals should be quantified for a better explanation of the mechanisms involved. Also, the DNA lesions, oxidative and photoproducts, can be quantified in cellular DNA after irradiation of F98 cells in the presence of nanoscintillators.

Third, the RDE effect of LuPO4:Pr 3+ was assessed in-vitro on a murine glioma cell line model F98. The nanoscintillators were able to penetrate in the cells and concentrate in cytoplasmic vesicles with a very high intracellular concentration of Lu (325 mg/mL after incubation of the F98 cells with 2 mg/mL of LuPO4:Pr 3+ , for 24 hours). In addition, the treatment with nanoscintillators prior to irradiation increased 1.7-fold the cell death compared to irradiation only. Also, not only the number of DNA strand breaks was higher while irradiating in the presence of LuPO4:Pr 3+ , but the presence of the nanoparticles might also be altering the repair mechanisms. Further experiments are needed to fully elucidate the mechanisms of action by which the LuPO4:Pr 3+ nanoscintillators improve the efficacy of the radiotherapy. Another version of the comet assay can be used. It consists of using DNA-formamidopyrimidine glycosylase (FPG) that allows to measure other types of DNA lesions to which they are sensitive, with the 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) being the most frequent. A gamma-H2AX assay could also allow quantifying the DNA strand breaks. A proteomics and a q-PCR analysis can also permit to detect alterations in the proteins and genes involved in the repair mechanisms respectively in order to confirm the impact of the nanoscintillators on the repair signaling pathways. Determination of the type of cell death occurring can also be interesting to study.

In addition to all the future experiments that have been proposed in this paragraph, a study using a high-energy beam could be of great interest. It would allow to validate the importance of the photoelectric effect in the overall treatment efficacy. Finally, although we could not demonstrate the UV-induced effect on DNA damage, the emission of nanoscintillators could excite photosensitizers and make possible a photodynamic therapy triggered by X-ray irradiation that penetrates deep into the tissue. Also, a characterization of the surface reactivity of the nanoscintillators would be important as it might explain the problem encountered with the dosimetric gels and the alterations of the oxidative mechanisms.

This thesis project, at the physics/chemistry/biology interface, brought interesting results for characterizing the LuPO4:Pr 3+ nanoscintillators under irradiation using several methods.

Although requiring further investigations, the efficacy of charging tumor cells with nanoscintillators prior to irradiation has been demonstrated and the results are very promising.

Résumé en français

La -L'effet radiothérapeutique classique induit par les rayons X.

-Un effet d'augmentation de la dose de rayonnement induit par les éléments de numéro atomique élevé dont sont composés les nanoscintillateurs.

-Un effet dû aux photons UV qui peuvent être directement émis par les nanoscintillateurs.

Mon projet de thèse consiste à étudier la capacité des nanoscintillateurs à améliorer la radiothérapie et à déterminer les différents effets impliqués. Pour mener à bien mon projet, j'ai testé le lutécium sous forme de sels LuCl3 et de nanoscintillateurs émettant des UV LuPO4:Pr 3+ .

En ce qui concerne l'augmentation de la dose de rayonnement, l'irradiation en présence de Toutes ces méthodes ont été utilisées pour évaluer l'efficacité de charger la tumeur par des nanoscintillateurs avant l'irradiation. Skin is the outer barrier of the body and plays a major defensive role against chemical and physical genotoxic agents. As a consequence, the main environmental carcinogen to the skin is solar ultraviolet (UV) light 1-3 . UVB exposure is associated with direct DNA damage, namely cyclobutane pyrimidine dimers (CPD) and pyrimidine pyrimidone photoproducts (64PP) 4 . UVA, on the other hand, is more commonly associated with oxidative stress and oxidative DNA damage 5 , but has also been shown to induce CPD 6-8 , albeit in much lower quantities compared to UVB. Among the organic pollutants to which skin is exposed, polycyclic aromatic hydrocarbons (PAH) are ubiquitous molecules formed by incomplete combustion of organic material. Toxicity of PAH in skin is a major concern for occupational safety, where dermal contact is one of the main sources of exposure 9 . PAH as parental compounds are inert. However, metabolization via phase I enzymes, mainly cytochrome P450 (CYP) oxygenases, convert PAH into reactive metabolite intermediaries 10 . These metabolites then undergo conjugation by phase II enzymes, like glutathione-S-transferases (GST) and UDP-glucuronosyltransferases (UGT), to yield easily eliminated water-soluble compounds. Nevertheless, a fraction of phase I metabolites may diffuse to the nucleus and covalently bind to DNA forming PAH-DNA adducts 11,12 . Additionally, DNA damage may result from reactive oxygen species generated during the metabolic activation of PAH 13,14 . The association of PAH exposure and cancer risk has been observed over the years 15 , with the lungs 16 , the bladder 17 , and the skin 18 as the main targets. While many PAH pose a significant human health risk, benzo[a]pyrene (B[a]P) has been the most studied because of its established carcinogenicity in humans 19-21 . A number of studies have focused on its highly carcinogenic metabolite, 7,8-dihydrodiol-9,10-epoxy-benzo[a]pyrene (BPDE) 22-25 . Like many other biological models, both in vitro and in vivo experiments have shown that formation of DNA adducts occurs in skin exposed to B[a] P 18,26,27 .

In regards to skin, the effects of PAH have to be discussed in terms of co-exposure with solar UV. The interaction between UV and PAH can be envisioned in different ways. First, PAH efficiently absorb UV radiation in the 290-400 nm region and can thus trigger photochemical reactions. PAH can be converted into photoproducts more toxic than their parental compounds 28,29 or induce a photosensitized oxidative stress, as demonstrated in vitro 30-33 . A less studied mechanism is how UV may modulate the formation of PAH-DNA adducts. It was first shown in vivo that chronic co-exposure of mice to UVA and B[a]P favored the formation of BPDE adducts 34 . More recently, in vitro experiments have shown that UVB induced the expression of CYP1A1 and favored the formation of DNA adducts upon subsequent exposure to B[a]P 35 .

There is still a lack of data on the combined exposure to B[a]P and UV in human skin. We designed the present study to address this point using ex vivo skin explants. In order to mimic real-life exposure, epidermal explants were treated topically with B[a]P and irradiations were performed with simulated sunlight (SSL) rather than pure UVA or UVB. Similar experiments were performed with primary cultures of human keratinocytes. Here, we report on how SSL modulates metabolization of B[a]P and adduct formation, whether SSL irradiations were performed before or after B[a]P treatment.

Results

Treatment of human skin explants and keratinocytes by B[a]P or SSL only. Ex vivo experi-

ments were performed on skin explants collected from mammoplasty surgeries. Induction of metabolism was assessed by studying gene expression of Phase I and Phase II enzymes via quantitative reverse-transcription PCR (RT-qPCR). Genotoxicity was established through the quantification of BPDE-N 2 -dGuo, the most frequent BDPE-DNA adduct. No information was gathered on oxidative lesions, which were shown to be much less frequent than BPDE-N 2 -dGuo upon exposure to pure B[a]P 36,37 . After a series of experiments were performed where B[a]P was used in a dose-dependent manner (50-250 nmol) (data not shown), we chose a topical application of 100 nmol B[a]P, which was able to induce significant gene expression and BPDE-N 2 -dGuo formation. For SSL, we chose a dose of 2 MED, which corresponds to a relatively mild exposure likely to be encountered outdoors.

In order to determine the changes in gene expression in response to B[a]P in skin, explants from 8 different individuals were treated with 100 nmol of B[a]P over a time course of 72 hours. The shortest investigated time was 5 min, corresponding to samples exposed to B[a]P and collected as fast as possible. Expression of the phase I genes CYP1A1, CYP1A2, and CYP1B1 was then quantified (Table 1), using untreated samples as references. Immediately after treatment, B[a]P is shown to have no effect on the relative expression of these genes. Starting at 24 hours, treatment with B[a]P significantly increases the fold change of all three CYP genes, and their expression appears to be the greatest following 48 hours of B[a]P treatment. By 72 hours, expression of these genes is significantly decreased compared to 48 hours. Relative gene expression was compared with the formation of BPDE-N 2 -dGuo over the same time course from the same donor samples. HPLC-MS/MS quantification of these adducts following treatment with B[a]P revealed that formation of BPDE-N 2 -dGuo occurs in a time-dependent manner (Table 1). Expression of the phase I enzyme EPHX and the phase II enzymes GSTA1 and GSTP1 was also studied. In general, EPHX1, GSTA1 and GSTP1 expression did not change drastically (Supplementary Table S1).

In order to observe if SSL had any effect on relative CYP expression levels in our ex vivo skin explant model, we performed RT-qPCR on SSL-irradiated samples. SSL had a small effect 48 and 72 hours post-irradiation to increase expression of CYP1A1 and CYP1A2, but not CYP1B1 (Supplementary Fig. S1a). There were no relative changes for SSL irradiation on these genes at earlier time points collected. Modulation of the expression of EPHX1, GSTA1 and GSTP1 was never observed (data not shown). As expected, irradiation with SSL did not result in formation of BPDE-N 2 -dGuo.

Normal human keratinocytes (NHK) were cultured from the skin of the same donors as those used to prepare explants. Toxicity assays showed that a B[a]P concentration of 1 µM led to a loss of viability lower than 10%. A SSL dose of 2 MED was slightly more cytotoxic, but led only to a moderate loss of viability (less than 25% at 24 h) (Supplementary Fig. S2). These conditions were thus used in all treatments of NHK. Exposure to B[a]P led to a strong increase in the expression of CYPs, which was detectable as early as 8 hours and was much more pronounced at 24 hours (Supplementary Table S2). Like in skin, CYP1A1 was the most over-expressed gene in HNK. However, contrary to skin, CYP1B1 was more upregulated than CYP1A2. Exposure to 2 MED SSL slightly increased expression of CYP genes (fold change 2.9, 1.4 and 1.8 for CYP1A1, CYP1A2, and CYP1B1, respectively), but without reaching statistical significance, contrary to skin results. Increase in expression of metabolization genes upon B[a]P treatment was associated with the formation of B[a]P adducts (Supplementary Fig. S3). The level of BPDE-N 2 -dGuo increased in a time-dependent manner between 0 and 24 hours. Interestingly, the maximal level of adducts was not observed for the largest concentration investigated (5 µM), but rather at 1 µM.

Exposure to SSL resulted in a very low overexpression of CYP1A1 and 1B1 by a factor of 2, but not of CYP1A2 (Supplementary Fig. S1b). No modulation of the expression of EPHX1, GSTA1 and GSTP1 was observed (data not shown).

SSL strongly reduces the B[a]P-mediated induction of CYP genes in skin. In order to determine

what effect SSL has on cutaneous B[a]P metabolism, we compared gene expression results for explants that were treated with B[a]P versus the combination of B[a]P and SSL (Fig. 1). In addition to exposure to either SSL or B[a] P only, two treatment protocols were used: i) SSL followed 1 hour later by B[a]P exposure (SSL/B[a]P) and ii) incubation with B[a]P for 24 hours followed by UV exposure (B[a]P/SSL). The 24-hour delay after B[a]P exposure was chosen because it corresponds to the beginning of the induction of CYP genes. The time of 1 hour after SSL was selected because UV is known to induce a fast cellular response. Appropriate control samples were either exposed to vector (acetone) only, pure B[a]P or irradiated with SSL only.

Over the time period investigated, it was observed that SSL reduced the stimulation of gene expression induced by B[a]P of CYP1A1 and CYP1A2, particularly at 48 hours and to a lesser extent at 72 hours, regardless of the treatment protocol used (Figs 2 and3). For the SSL/B[a]P and the B[a]P/SSL protocols, the induction of these two genes represented 30 to 40% of that determined for pure B[a]P. A decreased expression of approximately 50 to 60% was still observed at 72 hours. Reduced expression of CYP1B1 was only observed in the SSL/B[a]P protocol. We also looked to see if EPHX1, GSTA1, or GSTP1 were altered in their mRNA expression by SSL when performed with B[a]P (Table S1). None of the combined treatments had significant effect on any of these Phase I or Phase II genes. It was only observed that GSTP1 was slightly increased at 48 hours when human skin explants were treated by the B[a]P/SSL protocol.

SSL reduces the formation of BPDE-N 2 -dGuo in human skin. We then quantified BPDE-adducts by HPLC-MS/MS in the DNA of human explants treated with the different protocols. BPDE-N 2 -dGuo was unambiguously detected on the chromatograms. Analyses clearly showed a drastic effect of co-exposure of B[a] P with SSL on the amount of adducts (Supplementary Fig. S4). In the time-course studies, irradiation with SSL appears to reduce formation of BPDE-N 2 -dGuo compared to B[a]P treatment alone. Under the SSL/B[a]P protocol, the amounts of BPDE-N 2 -dGuo are significantly lower at 24 and 48 hours post-irradiation compared to B[a]P treatment alone (Fig. 4a). The decrease at 48 hours is 5-fold. A lower level was also observed at 72 h but the difference did not reach statistical significance. We checked that the time between the end of the exposure to SSL and the addition of B[a]P, set at 1 hour in our basic protocol, did not affect the response (Supplementary Fig. S5). These data suggest a limited contribution of cell lethality on the effect of SSL on B[a]P metabolism. Indeed, the deleterious cellular processes which may ultimately lead to cell death triggered by irradiation are much more advanced 8 h than 1 h after exposure. The observation that the impact on metabolism is similar at these two time points is an indication of the limited impact of cytotoxicity on the observed reduction of formation of BPDE-DNA adducts. Under the B[a]P/SSL protocol, we observed reduced amounts of BPDE-N 2 -dGuo by factors of more than 2 at the 24 and 48 hour post-irradiation time points in the samples with combined treatment versus treatment only with B[a]P (Fig. 4b). By 72 hours, namely 96 h hours after the beginning of the B[a]P exposure, the samples treated with B[a]P, regardless of the combination or not with SSL, show the same amount of DNA damage (Fig. 4b), thus suggesting that SSL exposure of human skin treated with B[a]P delays formation of BPDE-N 2 -dGuo.

Modulation of gene expression by SSL in B[a]P-treated NHK. Treatment of NHK following either

the SSL/B[a]P or B[a]P/SSL protocols led to a reduced induction of CYP genes than exposure to pure B[a]P (Fig. 5). This is observed for CYP1A1, CYP1B1, and CYP1A2 at 24, 48, and 72 hours. The ratio with respect to B[a]P only treated samples was more than 3 for CYP1A1 and CYP1B1 in the SSL/B[a]P protocol. Like in skin, the delay between the end of the irradiation and the addition of B[a]P did not modify the observed inhibition of BPDE-DNA adducts (Supplementary Fig. S5). The reduced gene induction effect was even larger in the B[a]P/ 

Decreased formation of BPDE-N 2 -dGuo in NHK treated by combination of SSL and B[a]P. SSL

was also found to lead to a decrease in the yield of adducts produced in DNA upon exposure to B[a]P (Fig. 6). When exposure to SSL was performed 1 hour before addition of B[a]P, a very significant 5-fold difference on the level of BPDE-N 2 -dGuo was observed at 24 hours, and to a lesser extent at 48 hours (ratio 1.6). At 72 hours, the difference lost statistical significance. The impact of SSL on the formation of BPDE-N 2 -dGuo was even stronger when irradiation was performed 24 hours after the beginning of the B[a]P treatment. Indeed, while the level of adducts kept increasing in non-irradiated NHK, it remained constant in the cells exposed to the B[a]P/SSL protocol. The ratio between the level of adducts in cells only exposed to B[a]P and those exposed to the B[a]P/SSL treatment rose from 1.8 at 24 hours post UV to 2.4 at 72 hours.

Effect of SSL and UVB on the formation of BPDE-dGuo adducts in HaCaT cells. We treated

HaCaT cells under conditions which were not more cytotoxic than in NHK (Supplementary Table 3). BPDE-N 2 -dGuo was found to be produced in an almost 10-times larger yield than in primary keratinocytes. Exposure of cells to SSL either 1 hour before or 24 hours after treatment with B[a]P resulted in a significant decrease in the formation of BPDE-N 2 -dGuo in DNA (Supplementary Fig. S6a). Exposure to UVB at a dose of 6 mJ/cm 2 resulted in a decrease in the level of adduct at 48 hours when irradiation was performed before B[a]P treatment (Supplementary Fig. S6b). This UVB dose did not modulate the level of adducts at earlier times points or when exposure to UVB occurred after B[a]P treatment. The higher dose of UVB (20 mJ/cm 2 ) led to a lesser decrease in the level of BPDE-N 2 -dGuo (Supplementary Fig. S6c).

Discussion

The combined effects of UV and PAH in skin has major implications in human health, particularly in occupational safety. Indeed, cutaneous exposure is a much more important contamination source in workers than in the general population. As a consequence, their skin is more likely to experience exposure to solar UV in the presence of PAH. In order to provide valuable data on this subject, we performed a series of ex vivo and in vitro experiments aimed at determining whether exposure to solar UV radiation modulates the metabolization of B[a] P and the formation of BPDE-N 2 -dGuo after B[a]P treatment.

The first part of our study involved explants made from freshly collected human skin. While there have been numerous studies of B[a]P metabolism performed in animal models, human skin has been less used as a working model. Costa et al. 38 used punch biopsies of abdominal skin to test the effect of B[a]P on expression of CYP1A1. Brinkmann et al. 39 also used human skin to test out genotoxic effects of B[a]P, particularly on metabolite formation and DNA damage, as determined by the comet assay. In order to provide further insights of the effects of B[a] P in skin, we first quantified the expression of various genes involved in xenobiotic metabolism. Emphasis was placed on classical metabolic enzymes CYP1A1, CYP1B1, and CYP1A2 found in the skin and other organs 40,41 . We also included other genes expressed in skin, such as GST and EPHX 39,42,43 . Expression of these same genes was also quantified in human keratinocytes grown from the skin of the same donors.

In agreement with Costa et al. 38 , our RT-qPCR analyses unambiguously showed that exposure of human skin and NHK 41,44 to B[a]P results in a time-dependent increase of CYP1A1, CYP1A2, and CYP1B1. A lag period of less than 24 hours and a maximal expression at 48 hours were observed in skin. Induction of metabolism genes was faster in NHK with a lag phase of 8 hours and a maximal expression at 24 hours. Interestingly, induction of CYP1A2 in skin was found to be much larger than that of CYP1B1, whereas an opposite trend was found in NHK, similar to other cell types 36 . No significant modulation of the expression of phase II enzymes was observed. The temporal pattern observed for the formation of BPDE-N 2 -dGuo in skin also included a lag phase of approximately 24 hours and then reached a maximum at 72 hours. The shape of the time-course of formation of BPDE-N 2 -dGuo formation exhibiting a lag phase is reminiscent of data obtained in numerous cell types 36,37,45,46 . It corresponds to an induction period of phase I metabolization enzymes clearly observed on the time-course for gene expression which is maximal after 48 hours. Consequently, the production of metabolites with DNA-damaging capacities does not take place immediately after the beginning of the treatment. It may be added that the level of adducts tends to decrease after 72 hours. This likely reflects the repair of BPDE-N 2 -dGuo via nucleotide excision repair, which is quite slow 47,48 . Altogether, these data validate that ex vivo human skin explants are suitable model for studying PAH metabolization and genotoxicity under our experimental conditions.

We then investigated the impact of exposure to SSL on B[a]P-mediated stimulation of metabolization and genotoxicity of B[a]P, which has yet to be studied. Based on available literature, we anticipated significant synergistic effects. Experiments in mice involving chronic exposure to B[a]P and UVA showed synergistic effects on the formation of B[a]P adducts 34 , possibly due to decreased repair capacities. Moreover, UVB was found to increase expression of CYP1B1 in human keratinocytes 44 and HaCaT cells 49 , and it was suggested that this occurred through a signal transduction pathway involving photoactivated tryptophan and its oxidation photoproduct 6-formylindolo [3,2-b]carbazole (FICZ), a known ligand of the AhR 49,50 . Katiyar et al. 42 reported that CYP1A1 and CYP1B1 were induced following UV exposure at both the gene and protein level in human epidermis. Finally, Nair et al. 35 observed that UVB exposure of HaCaT cells favored the formation of BPDE adducts following B[a]P treatment. Accordingly, we report that UV alone increases expression of CYP1A1 by a factor approximately 5 in skin and 2 in NHK, in the same range of low values observed by others 35,42,49,51 . It should be stressed that this stimulation of the expression of CYP genes remains modest compared to the almost two orders of magnitude larger expression following B[a]P treatment.

We did not observe the same modest stimulation of CYP expression by SSL in the combination with exposure to B[a]P either before or after irradiation. Our experiments involving irradiation followed by B[a]P treatment rather showed that preliminary irradiation of skin explants strongly inhibited the induction of Phase I CYP1A1, CYP1A2, or CYP1B1 metabolism genes. Reduced expression of metabolic genes is associated with a lower level of BPDE-N 2 -dGuo in skin exposed to both SSL and B[a]P compared to those exposed to B[a]P only. This result unambiguously shows that UV decreased the metabolite load in the skin exposed to the SSL/B[a]P protocol. The same was true for the converse B[a]P/SSL protocol. Therefore, we can conclude that SSL has a repressive effect on B[a]P-induced metabolism in our ex vivo skin model. The response of skin explants seems thus to be drastically different from that of HaCaT cells, where combined UVB/B[a]P treatment was reported to favor formation of BPDE-DNA adducts 35 . | (2018) 8:14692 | DOI:10.1038/s41598-018-33031-8 The differences between our observations in explants and published in vitro data could have been explained by the fact that most keratinocytes in skin are differentiated and may exhibit different metabolizing properties from cultured cells. This possibility led us to investigate the effect of a combined exposure to SSL and B[a]P in cultured, undifferentiated keratinocytes taken from the same skin samples. We made the same observations of a decreased expression of CYP genes and formation of BPDE-N 2 -dGuo in this model as in skin. This was expected since keratinocyte is the main cell type responsible for metabolism of xenobiotics in skin. Our results also show that differentiation and cutaneous environment do not explain the differences between our results and the published in vitro increase in B[a]P-DNA adduct in UV-exposed cells 35 .

SCIENTIFIC REPoRTS

The main difference between our work and that reporting the favored formation B[a]P-DNA adducts in UV-exposed cells is the cellular model. While we used human skin explants and primary cultures of human keratinocytes, other works involved the keratinocyte cell line HaCaT 35 known to be mutated, particularly in the P53 gene. We also observed that HaCaT are more metabolically active than NHK since they induce an almost 10-time larger amount of BPDE-N 2 -dGuo. In order to determine whether the discrepancies were explained by the difference in models, we applied the SSL/B[a]P and B[a]P/SSL protocols to HaCaT cells. A strong inhibition in the formation of adducts was observed when compared to treatment with pure B[a]P, like in skin and NHK. Another difference between our work and previously published data was the nature of the radiation applied to the samples. Instead of the more biologically relevant SSL, the authors used UVB. We thus repeated the co-treatment protocols on HaCaT with UVB instead of SSL. A low dose of 6 mJ/cm 2 , similar to that used by Nair et al. 35 , was applied and we also observed a decrease, rather than an increase, in the level of B[a]P adducts when irradiation was performed before B[a]P treatment. A larger UVB dose (20 mJ/cm 2 ) was also used, which resulted also in a decreased formation of BPDE-N 2 -dGuo upon B[a]P treatment, although to a lesser extent than with SSL or 6 mJ/cm 2 UVB. These observations show that UVB is less efficient than UVA at inhibiting the formation of DNA adducts, at least in HaCat cells. However, this does not explain why increased formation of adducts was reported with UVB in HaCaT cells 35 . One possible explanation may be the difference in the assays used for the quantification of DNA adducts. While we directly targeted them in enzymatically hydrolyzed DNA, the previous work relied on an indirect measurement based on HPLC-fluorescence detection of B[a]P-tetraol released by acidic hydrolysis of extracted DNA. Another difference is that irradiations in the previous work were performed in phenol-free DMEM medium while we used PBS in order to prevent any photosensitization processes. Altogether, we could confirm in HaCaT cells the inhibitory effects of UV on the metabolism and genotoxicity of B[a]P that we observed in skin and NHK.

Our results on skin and NHK show that when a UV source mimicking sunlight is used, no increased metabolization and genotoxicity of added B[a]P takes place. Yet, as observed by others 35,42,49,51 , SSL alone lead to a small over expression of CYP genes. These results suggest that the endogenous photoproducts mediating the activation of B[a]P metabolism are either weak ligands of AhR or produced in low amounts since exogenous ligands efficiently compete for the binding to AhR. Consequently, the role of FICZ in the effects of combined exposures to UV and B[a]P or other PAH may be smaller than anticipated 35,50,51 . Actually, the presence of this compound in skin has never been shown. Formation of FICZ has only be detected in vitro in HaCaT cells under non-physiological conditions 49 . In addition, it should be reminded that tryptophan is a rare amino acid amongst the less frequent ones in proteins 52 . We recently published that FICZ is a minor photoproduct of tryptophan 53 partly because its formation requires addition of two tryptophan photoproducts 54 and its yield depends quadratically on the dose. The fact that SSL irradiation exhibits a strong inhibitory effect when applied 24 hours after BaP treatment (B[a]P/SSL protocol), namely when the AhR pathway has been extensively triggered, reinforces the idea of a limited role of the FICZ in the modulation of B[a]P metabolism in skin.

Alternative explanations have thus to be found to our observations. Obviously, FICZ-mediated activation of AhR cannot account for our results. Photoproducts arising from various cellular components may yet play a role in the inhibition the metabolization of B[a]P, but rather as competitor with CYPs, as observed in mixtures of PAH 55-58 . However, the latter process does not explain the massive reduction in expression of CYP genes. More general cellular stresses may also be involved, rather than a cellular response involving specific pathways. First, the reduced expression of CYP genes could be explained by the well-documented temporary arrest in RNA synthesis in transcribed genes that takes place following UV irradiation 59-61 . Another explanation could be related to the ability of UV to deplete the cellular nicotinamide adenine dinucleotide (NADH) pool 62 . This important biological factor is key in the production of ATP and in the cellular energy content 63 . It seems likely that reduced energy level leads to decrease metabolization capacities. NADH is also a major cofactor as a reductant in the enzymatic mechanism of CYP450 64 . Therefore, decreased intracellular NADH concentration could explain the decreased metabolization of B[a]P. The observation of similar effects when SSL is applied either before or after B[a]P treatment also rules out a major contribution of photodegradation of the PAH since B[a]P is never irradiated in the SSL/B[a]P protocol.

In conclusion, our study provides for the first time an extensive picture of the impact of SSL, namely a combination of both UVB and UVA components, on the metabolism and genotoxicity of B[a]P. In contrast to previous data obtained in vitro with pure UVB, solar UV radiation appears to have a strong repressive effect on B[a]P-induced gene induction of CYP enzymes and delays formation of BPDE-DNA adducts in skin. Although positive in terms of immediate impact, this result may also suggest that parent PAH accumulate longer in irradiated skin. Indeed, only metabolites are actively eliminated from the epidermis 65 . Therefore, it is possible that UV exposure converts an acute exposure to a high dose into a more chronic exposure to a lower dose. It is unclear what impact this would have on influencing or initiating skin cancer. Another possible mechanism to increased genotoxicity upon co-exposure to PAH and UV is an impact on the formation and repair of bipyrimidine photoproducts. We are currently working on this topic by using an approach similar to that used in the present work.

Methods

Skin explants preparation. Human skin samples were obtained following breast surgery from heathy female donors with their informed consent (Centre Hospitalier Universitaire de Grenoble, Grenoble, France). All experiments were performed in accordance with relevant guidelines and regulations. In particular, work was performed in agreement with article L1245-2 of the French Public Health Code on the use of surgical wastes for research purposes. It stipulates that donors must be informed and agree; and that samples are used anonymously. Collection and storage of human skin samples was declared to the French authorities and validated in the CODECOH DC-2008-444 document. All donors were between the ages of 17-58, and their skin phototype was between I and III, according to the Fitzpatrick classification scale 66 . Skin samples were handled as previously described 7 . Epidermal skin was dermatomized to a 0.25 mm thickness using a SOBER hand-held dermatome (Humeca, Enschede, Netherlands), and then 12-mm punch biopsies were made. Samples were placed in 12-well plates and maintained via liquid/air interface in DMEM/F-12 medium (Thermo-Fisher) containing 10% Pen/ Strep at 37 °C in a humidified incubator containing 5% CO 2 .

UV irradiation of human skin explants. SSL irradiations were performed using a LS1000 Solar Simulator (Solar Light Company, Glenside, PA), which emitted wavelengths in the 290-400 nm range. Live radiation intensity was measured using the Erythema Meter, and displayed as live intensity (minimal erythema dose (MED)/ hr). In all experiments, the dose of 2 MED was used for all irradiated samples. Prior to irradiation, culture media was removed and the samples were rinsed twice with PBS. Irradiations were performed at room temperature in PBS via liquid/air interface without the plate cover. Following irradiations, PBS was replaced with fresh culture medium, and the samples were kept in the incubator until their collection time, when explants were halved. One series of samples was not replaced in the incubator but frozen, corresponding to a post-irradiation time of 5 min. Samples for DNA damage quantification were immediately frozen at -20 °C whereas samples used for gene expression analysis were stored at -80 °C in RNAlater (Thermo Fisher).

Treatment of skin.

Different treatment protocols were applied to the skin explants: i) Exposure to SSL only, II) exposure to B [a]P only, iii) SSL exposure followed 1 hour later by B[a]P treatment (SSL/B[a]P), and iv) incubation with B[a]P for 24 hours followed by exposure to SSL (B[a]P/SSL). For samples treated under the SSL/B[a]P protocol, SSL irradiations were performed immediately following biopsy preparation. After irradiation, samples were maintained in PBS in the incubator for 1 hour. PBS was removed, and samples were treated with vector (100% acetone, Sigma-Aldrich, Lyon, France) or 5 µL of a 20 mM B[a]P (Sigma-Aldrich) solution. Fresh culture medium was added and samples placed in the incubator. They were collected after increasing periods of time. One series of samples was not placed in the incubator but frozen immediately, corresponding to a post-irradiation time of 5 minutes. For samples treated under the B[a]P/SSL protocol, pre-treatment with vector (100% acetone) or 5 µL of 20 mM B[a]P was performed immediately following biopsy preparation. Fresh culture media was added to each well and the samples were maintained in the incubator. Twenty-four hours later, culture medium was removed, and the biopsies were gently washed twice in PBS. SSL irradiations and samples collection was performed after increasing periods of time. One series of samples was not placed in the incubator but frozen immediately, corresponding to a post-irradiation time of 5 minutes. For all treatment protocols, the minimum number of human donors was 3, with samples collected in triplicates.

Treatment of cultured keratinocytes. Keratinocytes were obtained from fresh human skin samples, as previously described 7 . Cells were grown in KSF medium containing 1% Pen/Strep, 25 µg/mL bovine pituitary extract (BPE), and 0.9 ng/mL of recombinant human epidermal growth factor (EGF). BPE and EGF were removed from the cell culture media 24 hours before treatment or irradiation, and throughout the experiment performed. For samples treated under the SSL/B[a]P protocol, keratinocytes were rinsed twice in PBS and exposed to 2 MED SSL in PBS. They were then maintained in PBS in the incubator for 1 hour. B[a]P dissolved in DMSO was then added to reach a final concentration of 1 µM (Sigma-Aldrich). Samples were collected after increasing periods of time. Untreated controls were incubated with pure DMSO. For samples treated under the B[a]P/SSL protocol, pre-treatment with vector (DMSO at a final concentration of 1%) or 1 µM B[a]P was performed in the incubator. Twenty-four hours later, culture medium was removed and the cells were washed twice in PBS. SSL irradiations and samples collection was performed, as described above. For both protocols, one series of samples was not placed in the incubator after irradiation but frozen immediately, corresponding to a post-irradiation time of 5 min.

Quantitative reverse transcription PCR. Gene expression analysis was performed on phase I (CYP1A1, CYP1A2, CYP 1B1, and EPHX1) and phase II (GSTA1 and GSTP1) metabolism genes. Total RNA was extracted following treatment by homogenizing the skin with the TissueRuptor, Proteinase K digestion, QiaShredder column, and RNeasy Mini Kit combined with the RNase-free DNase system (Qiagen, Courtaboeuf, France). RNA samples were quantified using a ND1000 NanoDrop spectrophotometer. First strand cDNA was synthesized from 1.0 µg of total RNA using the SuperScript VILO Synthesis Kit (Thermo-Fisher), and quantitative real-time polymerase chain reaction (RT-qPCR) was performed using the appropriate human RT 2 qPCR primers and RT² SYBR Green qPCR Mastermix (Qiagen). Amplification was performed using the Bio-Rad CFX96 system (Bio-Rad, Marnes-la-Coquette, France). The cycle threshold (CT) values were determined using the Bio-Rad CFX96 system software, and the comparative ΔΔCT method was used to calculate the relative fold change of all genes after normalization to GAPDH, RPS18, or β-Actin [START_REF] Livak | Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method[END_REF]. Biological triplicates were processed individually for RNA isolation and analyzed in technical duplicates. Values were normalized to expression in control (untreated) samples.

Quantification of BPDE-N 2 -dGuo. For DNA extraction, samples were homogenized using the TissueLyzer II and extracted using the DNeasy Blood and Tissue Kit, both from Qiagen. Explants or cell pellets were homogenized using the ATL lysis buffer combined with mechanical disruption using metal beads, followed by treatment with proteinase K. Samples were then treated with RNase-A before a second lysis step using AL buffer, before loading onto DNeasy spin columns. DNA was eluted off the column by adding 200 µL of water in two separate, consecutive centrifugations. Samples are then freeze-dried overnight at -20 °C and then rehydrated the next day in 50 µL of water. Hydrolysis of DNA samples was performed using a cocktail of enzymes. The first incubation was performed using phosphodiesterase II, DNase II, and nuclease P1 (37 °C, 30 minutes). The second incubation step was then performed using phosphodiesterase I and alkaline phosphatase (37 °C, 2 hours). All enzymes used were purchased from Sigma-Aldrich.

Samples were then injected on an HPLC system (Agilent, Massy, France) connected to a reverse-phase HPLC column (150 × 2 mm ID, 3 μm particle size, ODB, Interchim, Montluçon, France). The mobile phase was a gradient of acetonitrile (6 to 80%) in 2 mM ammonium formate (pH 6). BPDE-N 2 -dGuo was detected by a tandem mass spectrometer (SCIX API 3000) using transitions m/z 570→257 and m/z 570→454 as previously described 36,37,67 . Unmodified nucleosides were quantified with a UV detector. External calibration of the response of the detector was performed for each run of analyses. Repeated injections of standards during the run permitted to control the stability of the sensitivity of the detection and of the retention times. Results were expressed in number of adducts per million normal bases.

Culture and treatment of HaCaT cells.

HaCaT cells were grown in DMEM medium in the presence of Pen/Strep and FBS (10% v/v). For treatment, cells were grown in 6 cm diameter petri dishes. Prior to irradiation, the medium was removed and replaced by PBS. Exposure to SSL was performed by using a LS1000 Solar Simulator (Solar Light Company, Glenside, PA) with a dose rate of 6 MED/h. UVB irradiations were performed with a 2 × 15 W UVB lamp exhibiting an emission spectrum centered at 312 nm. The dose rate was 70 mJ/cm 2 per min. For the treatment with B[a]P, cells were placed in culture medium without FBS. A stock solution of B[a]P in DMSO was added to reach the selected concentration. In all experiments, cells were collected after 24 and 48 hours post-treatment. MTT tests and quantification of BPDE-N 2 -dGuo were performed, as previously described for keratinocytes. Similar protocols were used for the combination experiments with SSL set at 2 MED, UVB used at either 6 or 20 mJ/cm 2 and B[a]P at 1 µM.

Statistical analysis.

Statistical analysis were performed on pools of replicates originating from different donors. Data were statistically analyzed in GraphPad PRISM using paired t-tests with non-parametric Wilcoxon, or one-way ANOVA followed by Student-Newman-Keuls (SNK) for multiple comparisons.

INTRODUCTION

Solar UV radiation exhibits a wide array of beneficial and deleterious effects in living systems. These biologic responses arise from absorption of UV photons by endogenous chromophores. UVA (280-320 nm) photons are the most frequent (at least 95% of the incident UV radiation) but are the less energetic. The UVA-absorbing compounds are not extensively characterized, but include flavins, haems and other cellular compounds (1). The UVB portion of the solar UV spectrum represents less than 5% of the incident photons but is the most energetic. UVB is absorbed by several important biomolecules. A well-known example is DNA, where UVB-induced excited states lead to the formation of mutagenic pyrimidine dimers (2). Another example is the 7-dihydrocholesterol which is isomerized in skin by UVB and serves as a precursor of vitamin D (3). Proteins and aromatic amino acids are other major UV chromophores in cells ( 4).

Among the UV-absorbing amino acids, tryptophan (Trp) has been one of the most extensively studied (5). Trp is an essential amino acid required for many biologic processes in human beings but synthetized only by plants and microorganisms. Its UV absorption spectrum, explained mostly by the presence of an indole moiety, peaks at 280 nm and spreads to 300 nm. Its molar absorption coefficient is three times larger than that of tyrosine, another important aromatic amino acid. Early studies have provided structural information of the major Trp photoproducts produced by photolysis under aerated conditions (Scheme 1). N-Formylkynurenine (NFKyn) has been identified as the major photoproduct, either following direct absorption of UVB or the singlet-oxygen-mediated formation of an oxetane intermediate undergoing further rearrangement and ring opening (6,7). Kynurenine (Kyn) is then produced from NFKyn by decarbonylation. Another important photolysis product of Trp is tryptamine (Trypta) produced via a decarboxylation reaction (6). Interestingly, several of these UV-induced photoproducts are also produced by the Trp metabolizing enzymes in the chain of biochemical processes leading to major biologic factors, such as melatonin, serotonin, or vitamin B3 (5). Trp also plays a key role in photoactive proteins. An example is DNA repair enzymes photolyases where a triad of Trp residues is involved in the photo-reduction of a flavin co-factor essential for the catalytic process (8).

More complex photoproducts of Trp have been also isolated and identified. Among them, 6-formylindolo [3,2-b]carbazole (FICZ) has received major attention (Scheme 1). One main reason is that FICZ was found to be exhibit a very high affinity for the aryl hydrocarbon receptor (AhR) transcription factor (9,10). AhR is a ligand-dependent transcription factor. Planar aromatic ligands such as 2,3,7, and polycyclic aromatic hydrocarbons bind to AhR and promote its translocation to the nucleus where it induces the expression of numerous genes. They include the cytochrome P450 oxygenases involved in xenobiotics detoxification. Interestingly, the affinity constant of FICZ for AhR is 0.44 nM, similar to that of TCDD (0.48 nM) (10). As a consequence, FICZ has been proposed to account for most of the AhR-mediated pathways triggered by UV exposure, including modulation of immune responses, skin pigmentation and induction of the metabolism of xenobiotics (11). In particular, FICZ and UV-irradiated tryptophan were shown to mimic the UV induction of cytochrome P450 metabolizing enzymes in cultured HaCaT cells (12,13) and hepatocytes (14). More recently, FICZ was also shown to behave as a UVA photosensitizer (15). It should still be emphasized that FICZ has only been directly observed in UVB irradiated when cells were preliminary incubated with 1 mM Trp, a concentration that is 15-20 times more than can be found in classical culture media (12). The only evidence of the in vivo formation of FICZ is the detection of some of its metabolites in human urine, but without a clear link to UV exposure (16). The proposal of a photobiological function of FICZ relies mostly on indirect experiments, where addition of sunlight-or UVB-irradiated Trp (solutions or medium supplemented with Trp) was found to induce AhRdependent pathways.

The actual level of FICZ in UV-exposed cells and skin therefore remains a pending issue. First, Trp, the precursor of FICZ, is among the less common residues found in proteins and is thus expected to be present in low concentration in cells. Second, formation of FICZ, the mechanism of which is not clearly established, involves a bimolecular reaction and its probability of occurrence thus decreases in a quadratic way when the Trp concentration decreases. Consequently, it is expected to be low in a cellular context where the Trp concentration is low. Third, we recently found (von Koschembahr et al., submitted) a modest four-fold increase in CYP induction in skin explants and normal human keratinocytes (NHK) exposed to simulated sunlight (SSL), compared to the 100-fold induction in the presence of benzo[a]pyrene (B[a]P). In addition, co-exposure to SSL and B[a]P led unexpectedly to a decrease by a factor of 2 of the 100fold induction of CYP450 observed with B[a]P alone. A similar trend was observed for the level of DNA adducts to the B[a]P diol epoxide metabolite. These results suggest that UV-induced endogenous AhR ligands are either weak binders or produced in low amounts since exogenous ligands efficiently compete for the binding to AhR. Photochemical data reported in the literature are not very helpful to estimate the amount of FICZ produced from Trp, since they often use a single, large dose of radiation. We thus undertook the present work to precisely determine the extent of formation of FICZ at low dose. For this purpose, we developed an assay for several Trp photoproducts, including FICZ, which was then applied to the determination of their yields of formation in aqueous solutions of Trp exposed to UVB or SSL. Additional experiments were performed in cultured medium and cells.

MATERIALS AND METHODS

Chemicals. Trp was a Merck product. It was first used in solution in 10 times diluted PBS. Experiments were also performed in keratinocyte serum-free medium (KSFM) with or without added Trp. HPLC separations were performed with deionized water containing 0.01% formic acid and acetonitrile. Pure FICZ, Trypta and Kyn were purchased from Sigma-Aldrich. NFKyn was purified from a UVB-irradiated solution of Trp. The elution was monitored at 320 nm and the main peak collected. The combined fractions were freeze-dried and purified a second time with the elution monitored at 230 nm. Only one peak (>95% purity) was observed. The corresponding compound was identified as NFKyn on the bases of the MS/MS and UV absorption features. The concentration of the final solution was determined from the value of the absorption at 321 nm (e = 3750 M À1 cm À1 ) (17).

HPLC-MS/MS analyses. HPLC-MS/MS analyses were performed on an API 3000 triple quadrupole mass spectrometer (SCIEX) used in the positive electrospray ionization mode interfaced with an Agilent 1000 series micro-HPLC system. The fragmentation mass spectra of Trp, NFKyn, Kyn, Trypta and FICZ were recorded at different collision energy. The settings were then optimized to reach maximum sensitivity for the production of the major fragments which were then used for the sensitive and specific detection with the mass spectrometer used in the multiple reaction monitoring mode (MRM). The following transitions were used: An HPLC gradient was optimized to achieve a proper separation of Trp and its four photoproducts. It consisted in an increasing proportion of acetonitrile in 0.05% mass spectrometry grade formic acid (ACN: 0 min: 5%, 10 min: 5%, 30 min: 80%, 40 min: 95%). On these bases, an HLPC-MS/MS method was built. The quantitative aspect of the detection was based on the determination of external calibration curves built with repeated injection of solution of pure standards of known concentrations.

UV irradiation of Trp solutions. Trp was first used in solution (10 mM) in 10 times diluted PBS (final concentration 13.7 mM NaCl, 0.3 mM KCl, 1 mM Na 2 HPO 4 , 0.2 mM KH 2 PO 4 ). A first series of irradiations were performed with a 2 9 15 W UVB lamp exhibiting an emission spectrum centered at 312 nm. Irradiations were performed in 1 cm optical path quartz cell (3 mL). Samples were exposed to UVB for increasing periods of time in triplicates. The corresponding doses were 0.06, 0.11, 0.22, 0.56, 1.1, 2.2 and 3.3 J cm À2 . A similar protocol was used for exposure to SSL. The main difference was that irradiation of a glass Petri dish (liquid height 1 cm) was performed from above. The applied doses ranged from 0.5 to 12 minimal erythemal doses (MED) of SSL, corresponding to UV exposures of 1.8, 3.6, 10.8, 21.6 and 43.2 J cm À2 . After collection, the solutions were placed into injection vials and frozen until HPLC-MS/MS analysis. Another series of experiments were performed in keratinocytes culture medium (KSFM). First, KSFM was exposed to two doses of SSL. In another experiment, 1 mM Trp was added to KFSM and irradiated. A control experiment was made with 1 mM Trp in 10 times diluted PBS.

Cellular experiments. Keratinocytes obtained from fresh human skin samples (18) were grown in keratinocytes serum-free medium (KSFM) containing 25 lg mL À1 bovine pituitary extract (BPE), 0.9 ng mL À1 of recombinant human epidermal growth factor (EGF) and 1% Pen/Strep. BPE and EGF were removed from the cell culture media 24 h before irradiation. Four MEL501 derived melanoma lines were used. Two of 238 Antonia Youssef et al.

them expressed AhR. The two other did not express it, as the results of gene silencing by the CRISPR/Cas9 technology. MEL501 cells were grown in RPMI medium containing L-glutamine and 1% Pen/Strep. Nondecomplemented fetal calf serum (10%) was added. All cells were grown at 37°C in 5% CO 2 . Before irradiation, keratinocytes and MEL501 were rinsed twice with PBS, and exposed to 2 or 10 MED SSL in PBS, respectively. Un-irradiated controls were also collected. Cell pellets were immediately collected and frozen at À20°C. They were then suspended in a lysis buffer (10 mM Hepes solution [pH 7.9], 1.5 mM MgCl2, 10 mM KCl and 0.01% [v/v] Triton X-100 in water). They were incubated for 2 h on ice and vortexed every 30 min. The completion of the cellular lysis was checked by a trypan blue exclusion assay under a microscope. After lysis, extracts were passed through 0.2 lm cutoff filters and transferred into HPLC vials.

RESULTS AND DISCUSSION

HPLC-MS/MS analysis of Trp photoproducts

Trp and the four photoproducts, FICZ, Kyn, NKyn and Trypta, provided fragmentation spectra with a few daughter ions. As expected, the relative intensity of the ions on the fragmentation spectra depended on the applied collision energy (Fig. 1). Optimization of the MS/MS parameters and of the HPLC conditions provided a method for the detection of the photoproducts. A good sensitivity was reached for NFKyn, Trypta and FICZ. In contrast, the limit of detection was 10 times higher for Kyn (Fig. 2).

Photolysis of Trp by UVB radiation

A first experiment involved exposure of a Trp solution to UVB. This wavelength range was chosen because it represents the portion of solar spectrum best absorbed by Trp. Irradiations were performed under aerated conditions since Trp photochemistry is dominated by photo-oxidation reactions ( 6) and because cellular photodynamic processes are known to be oxygen-dependent (1). A large number of data is available on the photophysics and final products of photolysis of Trp under anaerobic conditions (6). We did not investigate such irradiation conditions because the cellular environment contains oxygen and because formation of FICZ involves oxidization products of tryptophan. The UVB dose range was selected to be in the linear part of the dose-course formation. Indeed, we observed that use of very large doses leads to secondary photoreactions and the readily consumption of initial photoproducts (data not shown). Using HPLC-MS/MS, the four targeted photoproducts were detected in the irradiated Trp solutions although at very different levels (Fig. 3). In particular, the intensity of the peaks corresponding to NFKyn and FICZ was in a 4 orders of magnitude ratio. Collection of quantitative data by external calibration allowed us to calculate the yields of each photoproduct (Table 1). Based on these vales, the proportion of FICZ among the photoproducts was found to be 0.02%.

SSL-induced degradation of Trp

In the following step, we investigated the formation of the same photoproducts upon exposure to SSL. The use of the latter source is important, first, because it is obviously more representative of actual exposures than pure UVB. We also applied low SSL doses ranging between 0.5 and 12 MED. A second reason that motivates the use of SSL is that FICZ was first identified in samples of Trp exposed to the radiation emitted by a "black light," the spectrum of which covered a wide range of wavelengths (9,10). We thus wanted to check whether UVA applied simultaneously with UVB could affect the photochemistry of Trp and modulate the proportion of FICZ. Like for UVB, HPLC-MS/ MS measurements allowed us to calculate the yield of formation of the Trp photoproducts (Table 1). FICZ was again found to be produced only in minute amounts, representing 0.03% of the analyzed photoproducts. NFKyn was by far the most abundant photoproduct. The dose-course formation of the photoproducts also provided interesting information. The formation was linear with respect to the applied SSL dose for NFKyn, Kyn and Trypta, showing that these compounds are primary photodegradation products (Fig. 4). In contrast, a quadratic shape was observed for FICZ (Fig. 4), which suggests that this compound is either a secondary photoproduct or arises from a bimolecular reaction between primary photoproducts. The mechanism of formation of FICZ is not clearly understood, but was proposed to involve condensation of two molecules of 3-(a-hydroxyacetaldehyde)-indole (10), a degradation product of 3-(a-acetaldehyde)indole (19). Our observations are therefore in agreement with the fact that FICZ is not a direct Trp photolysis product. Consequently, its yield will be low at low concentration of Trp and at low UV doses.

Degradation of Trp in culture medium

Some previously published works showed that exposure of culture medium to artificial and natural solar light was shown to produce FICZ (20). These results led us to repeat our UV exposure using SSL in KFSM, the medium used for our keratinocyte experiments. When pure medium, that regularly contains 64 lM Trp, was irradiated, the four photoproducts were detected. NFKyn was still the major photoproduct (Table 2), but in lower proportion than when 10 mM Trp in PBS was exposed to UVB and SSL. The proportion of FICZ was higher in pure medium (0.3%) than in the experiments carried out at 10 mM in PBS.

Yet, this may be explained by the decreased contribution of NFKyn, whose formation may be modulated by components of the culture medium. The latter solution contains vitamins exhibiting reducing properties and may thus alter the fate of intermediates in photo-oxidation reactions. In addition, other components like antibiotics absorb UV photon and may behave as photosensitizers. This may also affect the distribution of the Trp photoproducts. Irradiation of culture medium where 1 mM pure Trp was added led to yields of formation of the four photoproducts like those observed in a 1 mM solution of Trp in 10 times diluted solution (Table 2). One exception was FICZ, the concentration of which was below the detection limit in the irradiated medium spiked with 1 mM Trp. This is surprising observation since exposure of pure medium led to the formation of FICZ. It should be stressed that in the latter case, the detected amount is very low (approximately 30 fmol in 20 lL of medium exposed to the largest dose), which is very close to the basal level of FICZ in the Trp solution (25 fmol in 20 lL after dilution in the medium). It is thus likely that the UV-induced amount of FICZ is low in the Trp-spiked medium and not distinguishable from the background. This part of the work shows that irradiation in culture medium leads to the formation of Trp photoproducts, NFKyn being again the major photoproduct and FICZ a very minor one.

Trp photoproducts in cells exposed to SSL

To complete the quantitative results of these photochemical studies, we analyzed cytosolic extracts of cells exposed to SSL where the amount of free Trp and its photoproducts was determined by HPLC-MS/MS. We investigated primary normal human keratinocytes (NHK) and four cell lines derived from human-originated cutaneous malignant melanoma (MEL501). In both control and irradiated cells, a higher content in Trp was observed in the MEL501 cell lines (160 pmol/10 6 cells) compared to NHK (30 pmol/10 6 cells). The four studied Trp photoproducts were quantified in both control and irradiated cells. A basal level (0.8 pmol/10 6 cells) of NFKyn was detected in HNK. This value was increased by a factor 3 following exposure to 2 MED, the conditions used in our previous study (von Koschembahr et al., submitted). None of the three other photoproducts were detected, in particular, FICZ (Fig. 5). In MEL501 cell lines, none of the Trp derivatives were detected neither in un-irradiated cells nor following exposure to 10 MED. This could not be accounted for by an analytical problem associated with the presence of the lysis buffer since the photoproducts were readily detected in samples spiked with authentic standard (Fig. 6 for FICZ). Absence of FICZ was observed in the 4 MEL501 cell lines although two of them lacked the AhR protein following CIRSPR/Cas9 silencing. The lack of AhR was expected to prevent the degradation of FICZ and favor its detection. Based on the sensitivity of the HPLC-MS/MS, a lower limit for the amount of FICZ produced by SSL is 3 fmol/10 6 cells. This value would correspond to a yield of 0.003% with respect to the initial intracellular amount of Trp, compatible with the results of the photochemical study. Altogether, these results confirm the conclusion of a very low yield of FICZ upon photolysis of Trp, even in a cellular context. These results contrast with a previous report of the formation of FICZ in HaCaT cells (12). However, the latter involved a rather large dose of UVB, whereas we used SSL. In addition, cells were pre-incubated with 1 mM Trp, whereas we used a classical medium with a concentration of 64 lM in Trp. Interestingly, the authors calculated a formation yield of 0.0001% for FICZ, namely in the same low range than our upper estimation.

CONCLUSION

The present observations provide some quantitative information of the yields of some major Trp photoproducts. Using either UVB or SSL, and for the latter exposure of 1 mM Trp in culture medium, NFKyn was always found to be the overwhelming major photoproduct produced in roughly 50 and 100 times larger yield than Kyn and tryptamine, respectively. When experiments were performed at 10 mM in aqueous solution, FICZ represented only 0.02-0.03% of the photoproducts. This proportion was higher when pure medium was irradiated, but no significant formation of FICZ could be established in Trp-spiked medium. These observations, combined with the evidence of a non-linear dependency of FICZ with respect to the dose, allow us to conclude that FICZ is really a very minor photoproduct. This conclusion was strengthened by the lack of detection of FICZ in cells exposed to SSL. These results are critical to comprehend the effect of UV radiation on AhR-dependent pathways (11). Indeed, FICZ is the almost unique endogenous photoproduct proposed in the current literature as a mediator in such processes. This putative role of FICZ is challenged by our negative results in SSL-exposed cells although the very high affinity of FICZ for AhR (10) may partly compensate its low intracellular concentration. However, the possible involvement of endogenous photoproducts other than FICZ in the AhR-mediated effect of UV radiation has to be considered. Our present results show that other Trp derivatives are produced in much larger yield than FICZ. Moreover, Trp and amino acids are not the only source of endogenous photoproducts. Therefore, there is still a need for 242 Antonia Youssef et al.

Introduction

Polycyclic aromatic hydrocarbons (PAH) are ubiquitous pollutants which represent a major concern in public health (IARC 2010). Due to their presence in polluted atmospheres (especially urban areas) and their abundance in food, PAH contaminate the general population by both inhalation and ingestion. PAH also represent a large fraction of the contaminants load in some occupational tasks (Boffetta et al. 1997;[START_REF] Deschamps | Estimates of work-related cancers in workers exposed to carcinogens[END_REF][START_REF] Forster | 3-Hydroxybenzo[a]pyrene in the urine of workers with occupational exposure to polycyclic aromatic hydrocarbons in different industries[END_REF]. Indeed, PAH are produced by incomplete combustion of organic matter and are present not only in many industrial emission sources, but also in numerous carbon-containing materials used in various applications. These products include bitumen for road construction or carbon electrodes for electrolysis in aluminum or silicon factories. One specificity of occupational exposure is the importance of the cutaneous contamination route [START_REF] Fustinoni | Dermal exposure to polycyclic aromatic hydrocarbons in asphalt workers[END_REF]Herbert et al. 1990;VanRooij et al. 1993), which is typically negligible in the general population. As a consequence, skin is clearly identified as a target organ for PAH-induced carcinogenesis in exposed workers [START_REF] Pukkala | Cancer incidence among firefighters: 45 years of follow-up in five Nordic countries[END_REF][START_REF] Siddens | Polycyclic aromatic hydrocarbons as skin carcinogens: comparison of benzo[a]pyrene, dibenzo[def,p]chrysene and three environmental mixtures in the FVB/N mouse[END_REF]. Another interesting group that may provide useful data on dermal exposure to PAH are patients suffering from skin diseases who are treated by coal tar-containing ointments [START_REF] Roelofzen | Coal tar in dermatology[END_REF]), although PAH are not directly in contact with skin but rather mixed with a matrix. Like in all exposure scenarios, a main issue with PAH is the complexity and variability of the composition of the mixtures, which may contain dozens of products, the proportion of which varies from one source to the other. A much more typical characteristic that needs to be considered in the case of skin toxicity of PAH is the additional role of solar light [START_REF] Dickel | Occupational syncarcinogenesis in the skin-combined effects of two carcinogens from the German occupational disease list[END_REF]) that can induce photosensitization reaction and/or modulate metabolism of PAH. Metabolism in a key biological response of skin and other tissues in terms of toxicological impact of PAH (Baird et al. 2005;[START_REF] Iarc | Some non-heterocyclic polycyclic aromatic hydrocarbons and some related exposures[END_REF][START_REF] Shimada | Metabolic activation of polycyclic aromatic hydrocarbons to carcinogens by cytochromes P450 1A1 and 1B1[END_REF]. Indeed, parent PAH are not reactive due to their highly stable aromatic structure. They are converted by phase I enzymes, such as cytochrome P450-dependent monooxygenases (CYP450), into reactive metabolites, which then undergo conjugation to water-soluble groups and eventual elimination. Unfortunately, a fraction of these phase I metabolites may diffuse in the cells and reach biomolecules, such as DNA where it binds to bases thereby producing DNA adducts [START_REF] Jeffrey | Structures of benzo(a)pyrene-nucleic acid adducts formed in human and bovine bronchial explants[END_REF]Peltonen and Dipple 1995). An additional genotoxic pathway involves release of reactive oxygen species [START_REF] Park | Aryl hydrocarbon receptor facilitates DNA strand breaks and 8-oxo-2'-deoxyguanosine formation by the aldo-keto reductase product benzo[a]pyrene-7,8-dione[END_REF][START_REF] Tsuji | An environmental contaminant, benzo(a)pyrene, induces oxidative stress-mediated interleukin-8 production in human keratinocytes via the aryl hydrocarbon receptor signaling pathway[END_REF], although this was found to be a minor process, at least in cultured human cell lines (Genies et al. 2013;[START_REF] Tarantini | Relative contribution of DNA strand breaks and DNA adducts to the genotoxicity of benzo[a]pyrene as a pure compound and in complex mixtures[END_REF]. Formation of adducts between PAH metabolites and DNA has been specifically investigated for benzo[a]pyrene (B[a] P). Numerous in vitro and in vivo works have provided large amounts of information on the biochemical pathways involved in the genotoxicity of this compound classified as carcinogenic to humans by IARC (2010). These investigations pointed the diol-epoxide derivative of B[a]P (BPDE) as the most deleterious metabolite [START_REF] Jeffrey | Structures of benzo(a)pyrene-nucleic acid adducts formed in human and bovine bronchial explants[END_REF]. DNA adducts of other PAH have also been identified, but they are less efficiently produced than those of B[a]P. Expression of metabolism genes and formation of DNA adducts are well documented in skin exposed to B[a]P (Bickers et al. 1984;[START_REF] Darwiche | Expression profile of skin papillomas with high cancer risk displays a unique genetic signature that clusters with squamous cell carcinomas and predicts risk for malignant conversion[END_REF][START_REF] Siddens | Polycyclic aromatic hydrocarbons as skin carcinogens: comparison of benzo[a]pyrene, dibenzo[def,p]chrysene and three environmental mixtures in the FVB/N mouse[END_REF].

Although the genotoxic properties of individual PAH are understood, predicting the effects of the mixtures of these compounds is still a challenge [START_REF] Jarvis | Interactions between polycyclic aromatic hydrocarbons in complex mixtures and implications for cancer risk assessment[END_REF]. Use of Toxic Equivalency Factors, like for dioxins [START_REF] Safe | Polychlorinated-biphenyls (PCBS), dibenzo-para-dioxins (PCDDS), dibenzofurans (PCDFS), and related-compounds -environmental and mechanistic considerations which support the development of toxic equivalency factors (TEFS)[END_REF], has been proposed for the prediction of the toxicity of complex exposures to PAH [START_REF] Nisbet | Toxic equivalency factors (TEFs) for polycyclic aromatic hydrocarbons (PAHs)[END_REF]. Unfortunately, this approach is based on an additivity principle that is contradicted by a growing amount of observations. This is the case for in vitro studies where both inhibitory and synergistic effects were observed, even for simple cases like binary mixtures (Binkova and Sram 2004;[START_REF] Genies | Inhibition of the formation of benzo[a]pyrene adducts to DNA in A549 lung cells exposed to mixtures of polycyclic aromatic hydrocarbons[END_REF][START_REF] Jarvis | Persistent activation of DNA damage signaling in response to complex mixtures of PAHs in air particulate matter[END_REF]Staal et al. 2008;Tarantini et al. 2011b). The fact that the results are different from one cell type to another complicates the prediction. The toxic effects of binary and tertiary PAH mixtures in skin have been investigated in some animal studies. Both inhibitory and synergistic effects were observed on the formation of DNA adducts, depending on composition of the mixtures [START_REF] Hughes | 32P-postlabelling analysis of the covalent binding of benzo[ghi]perylene to DNA in vivo and in vitro[END_REF][START_REF] Rice | Fluoranthene and pyrene enhance benzo[a]pyrene-DNA adduct formation in vivo in mouse skin[END_REF]Smolarek et al. 1987). Studies of the impact of complex mixtures on genotoxicity of specific PAH in murine skin are also unclear, since some report increased tumorigenicity of the mixture with no modulation of the level of DNA adducts [START_REF] Courter | The influence of diesel exhaust on polycyclic aromatic hydrocarbon-induced DNA damage, gene expression, and tumor initiation in Sencar mice in vivo[END_REF]), while others found no impact on tumor formation and a lower level of adduct upon co-exposure [START_REF] Marston | Effect of a complex environmental mixture from coal tar containing polycyclic aromatic hydrocarbons (PAH) on the tumor initiation, PAH-DNA binding and metabolic activation of carcinogenic PAH in mouse epidermis[END_REF].

Exposure to solar light, in particular the UV portion of its spectrum, is an additional parameter than can modulate the toxicity of PAH in skin and affect carcinogenicity [START_REF] Dickel | Occupational syncarcinogenesis in the skin-combined effects of two carcinogens from the German occupational disease list[END_REF]. UV can be absorbed by PAH and induce a photosensitized oxidative stress, as observed in several in vitro studies (Crallan et al. 2005;Mauthe et al. 1995;[START_REF] Soeur | Photo-pollution stress in skin: traces of pollutants (PAH and particulate matter) impair redox homeostasis in keratinocytes exposed to UVA1[END_REF][START_REF] Xia | UVA photoirradiation of benzo a pyrene metabolites: induction of cytotoxicity, reactive oxygen species, and lipid peroxidation[END_REF]Yu et al. 2006). UV may also induce degradation of PAH and lead to the formation of toxic photoproducts (Teranishi et al. 2010;Toyooka and Ibuki 2007). A third pathway involves the modulation of metabolism of PAH by UV, as suggested by the observed increase in the formation of DNA adducts in the skin of mice chronically co-exposed to UVA (320-400 nm) and B[a]P (Saladi et al. 2003). It has also been shown mostly in the HaCaT cell line that UVB (280-320 nm) radiation leads to the activation of the aryl hydrocarbon receptor (AhR). This resulted in a modest, yet significant increase in the induction of CYP450 metabolization enzyme (Fritsche et al. 2007;Rannug and Fritsche 2006). Using an indirect assay, favored formation of BPDE-DNA adducts was reported in UVB-irradiated HaCaT cells treated with B[a]P (Nair et al. 2009). In contrast, we recently reported that exposure to simulated sunlight (SSL) led to a decrease in CYP450 expression induced by B[a]P and strongly delayed the formation of DNA adducts quantified by a direct HPLC-mass spectrometry technique [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF].

In spite of the works mentioned above, it appears that information is still missing on two key issues of the genotoxicity of PAH in skin, namely the mixture effect and the impact of their co-exposure with solar UV. The present project was designed to address these two points. We worked on human skin explants, which are relevant biological models of cutaneous tissue, topically exposed to organic extracts of PAH-containing materials from industrial origin. Additional experiments with pure B[a]P and synthetic mixtures were performed. To study the impact of UV radiation, we exposed skin to light emitted by a solar simulator either before or after topical application of the PAH mixtures. As biological 1 3 endpoints, we quantified the expression of the genes coding for CYP450 1A1, 1A2 and 1B1, involved in the metabolism of PAH and efficiently expressed in skin [START_REF] Costa | Exposure of human skin to benzo[a]pyrene: role of CYP1A1 and aryl hydrocarbon receptor in oxidative stress generation[END_REF][START_REF] Swanson | Cytochrome P450 expression in human keratinocytes: an aryl hydrocarbon receptor perspective[END_REF][START_REF] Villard | Increase of CYP1B1 transcription in human keratinocytes and HaCaT cells after UV-B exposure[END_REF], and monitored the level of DNA adducts to the most genotoxic B[a]P metabolite, its diol-epoxide derivative (BPDE).

Methods

Preparation of skin explants

Human skin samples were obtained following breast surgery from healthy female donors (Centre Hospitalier Universitaire de Grenoble, Grenoble, France). All experiments were performed in accordance with relevant guidelines and regulations. In particular, work was performed in agreement with article L1245-2 of the French Public Health Code on the use of surgical wastes for research purposes. As stipulated, donors were informed and agreed to participate, and the samples were used anonymously. Declaration of collection and storage of human skin samples to the French authorities was validated in the CODECOH DC-2008-444 document. All donors were between the ages of 17 and 58, and their skin phototype was either II or III, according to the Fitzpatrick classification scale. Upon receipt of the skin, an epidermal layer of 0.25 mm thickness was collected using a SOBER hand-held dermatome (Humeca, Enschede, Netherlands). Twelve mm biopsies were made with sterile punches (Help Medical, France). Samples were then placed in polystyrene inserts (14 mm diameter, 1 µm pore size filter, ThinCertTM, Greiner Bio-One, Austria) in 12-well plates (Greiner Bio-One, Austria). The explants were maintained at the liquid/air interface on 500 µL of DMEM/F-12 medium (Thermo-Fisher) containing 10% Pen/Strep at 37 °C and 4% (w/v) bovine serum albumin in a humidified incubator containing 5% CO 2 . In all experiments, the culture medium was changed every 24 h.

Preparation of PAH mixtures

Mixtures of PAHs were prepared as described by Bourgart et al. (2019). Briefly, mixtures were extracted from raw industrial materials and adjusted to the required concentrations of B[a]P. Two coal tar pitch samples, CTP and CTP L , (L for "light") were used. The coal tar pitch was reduced to powder, suspended in 100 mL of CH 2 Cl 2 , and sonicated. An aliquot fraction of the liquid phase was evaporated to dryness and the resulting residue was dissolved and diluted in acetone (Sigma-Aldrich, St Quentin-Fallavier, France) to prepare solutions containing 0.2 mM of B[a]P for the topical application of 1 nmol in 5 µL (CTP-1 and CTP L -1). For CTP, an additional solution (CTP-10) corresponding to 2 mM B[a]P and 10 nmol in 5 µL was also prepared. A similar protocol was applied to a petroleum coke sample (PC) to prepare a solution at 0.2 mM in B[a]P in acetone (PC-1). The PAH composition of the mixtures was determined by HPLC with fluorescence detection, as previously described (Tarantini et al. 2011a). Synthetic mixtures of 12 PAHs in proportions found in the original materials were accurately reconstituted using PAH stock solutions for each of these solutions. They were diluted in acetone at either 0. 

Treatment of skin with PAH mixtures

Different treatment protocols were applied to the skin explants. Several experiments involved exposure of skin explants to PAH only for increasing periods of time. For this purpose, 5 μL of a solution in acetone of the chosen mixture of PAH was topically applied to the explant immediately following punch preparation. Fresh culture medium was added to each well and the samples were maintained in the incubator. Explants were collected after increasing periods of time. UV irradiations were performed using a LS1000 Solar Simulator (Solar Light Company, Glenside, PA, USA), which emitted wavelengths in the 290-400 nm range. In all experiments, the dose of two minimal erythemal dose (MED), corresponding to 7.2 J/cm 2 UV radiation, was used. Prior to irradiation, culture media was replaced by PBS. Irradiations were performed at room temperature at the liquid/air interface. Following irradiation, PBS was replaced with fresh culture medium. Irradiations were performed either 1 h before (SSL/PAH protocol) or 24 h after topical application of the PAH mixture of interest (PAH/ SSL protocol). In both protocols, samples were collected 48 h after the beginning of the PAH treatment. Additional experiments were performed with the SSL/PAH protocol with the explants collected only 24 h after irradiation. For all treatment protocols, explants from three different donors, each with samples prepared in triplicates, were used.

Viability assays

Quantification of cellular viability was based on the classical MTT assay performed both in skin explants and in primary cultures of keratinocytes prepared as previously reported 1 3 (von Koschembahr et al. 2018). Skin explants were treated under the chosen experimental conditions. After 48 h, the growing medium was removed and replaced with 500 µL of fresh medium containing 0.5 mg/mL of MTT. The skin explants were then placed at 37 °C in 5% CO 2 . Viable explants slowly turned purple. After 2 h, the explants were collected, rinsed in PBS and cut in pieces with a scalpel. DMSO (500 µL) was added and the samples left for 1 hour at 37 °C. The assay with cultured keratinocytes was performed in 96-well plates as previously reported [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF]. For both series of experiments, viability was inferred from the absorption at 570 nm after subtraction of the measurement background.

Quantitative reverse transcription PCR

Gene expression analysis was performed, as previously described [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF]). Four phase I metabolism genes (CYP1A1, CYP1A2, CYP1B1, and EPHX1) were targeted. The skin was homogenized by use of a TissueRuptor (Qiagen). The resulting mixture was digested by proteinase K, homogenized by a QiaShredder column, and RNA was isolated using a RNeasy Mini Kit combined with the RNase-free DNase system (Qiagen, Courtaboeuf, France). The amount of RNA in the samples was quantified using a ND1000 NanoDrop spectrophotometer. First strand cDNA was synthesized from 1.0 µg of total RNA using the SuperScript VILO Synthesis Kit (Thermo-Fisher). Quantitative real-time polymerase chain reaction (RT-qPCR) was then performed using the human RT 2 qPCR primers and RT 2 SYBR Green qPCR Mastermix (Qiagen). Amplification was performed using the Bio-Rad CFX96 system (Bio-Rad, Marnes-la-Coquette, France). The Bio-Rad CFX96 system software was used to determine the cycle threshold (CT) values, and the comparative ΔΔCT method was used to calculate the relative fold change of the four genes after normalization to GAPDH, RPS18, or β-Actin [START_REF] Livak | Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method[END_REF]. Biological triplicates were processed individually for RNA isolation and analyzed in technical duplicates. Values were normalized to expression in control untreated samples.

Quantification of BPDE-N 2 -dGuo

For DNA adduct quantification, DNA was extracted from the skin explants after homogenization in a TissueLyzer II using the ATL lysis buffer of a DNeasy Blood and Tissue Kit (Qiagen), combined with mechanical disruption using metal beads. Samples were then sequentially treated with proteinase K and RNaseA. After a second lysis step using AL buffer, ethanol was added and the samples were loaded onto DNeasy spin columns. After three wash steps, DNA was eluted off the column by adding 200 µL of water. The collected samples were freeze-dried overnight and then solubilized in 50 µL of water. DNA was hydrolyzed by a first incubation using phosphodiesterase II, DNase II, and nuclease P1 (37 °C, 2 h). A second incubation step was then performed using phosphodiesterase I and alkaline phosphatase (37 °C, 2 h). All enzymes used were purchased from Sigma-Aldrich. Samples were analyzed by HPLC-tandem mass spectrometry. Separations were performed on reversephase HPLC column (150 × 2 mm ID, 3 μm particle size, ODB, Interchim, Montluçon, France). The mobile phase was a gradient of acetonitrile (6-80%) in 2 mM ammonium formate (pH 6). Quantification of BPDE-N 2 -dGuo was performed on a tandem mass spectrometer (SCIEX API 3000) with positive electrospray ionization. The detection was made in the multiple reaction monitoring mode using transitions m/z 570,257→, m/z 570,454→ and m/z 570,282→ as previously described (Genies et al. 2013;[START_REF] Marie | Influence of the metabolic properties of human cells on the kinetic of formation of the major benzo[a]pyrene DNA adducts[END_REF]. Unmodified nucleosides were quantified with a UV detector and used to assess the amount of analyzed DNA. External calibration of the response of the two detectors was performed for each run of analyses, using repeated injections to control the stability of the sensitivity of the detection and of the retention times. Results were expressed in number of adducts per million normal bases.

Statistical analysis

Data were statistically analyzed in GraphPad PRISM using one-way ANOVA followed by Student-Newman-Keuls (SNK) for multiple comparisons. Statistical analyses were performed on pools of replicates originating from different donors.

Results

Experimental design

The relevance of the present work relied on three main aspects:

• The biological model. To be more realistic than 2D cell cultures, we used freshly prepared skin explants from breast surgery. To mimic cutaneous contamination, we applied PAH mixtures topically rather than in the culture medium. All donors were of phototype II or III. • PAH mixtures relevant to occupational exposures.

Organic extracts of coal tar pitch and petroleum coke were used (Table S1). Coal tar pitch is found in electrodes of silicon manufacturing, and in the bitumen used by roofers and asphalt workers. Two types of coal tar pitch, differing first in their overall PAH content, were used, with a ratio of 3.5 in the amount of PAH per gram of raw material between CTP and CTP L . The propor-tion of low molecular weight PAH (4-ring compounds) was also different in the two products, with values of 46 and 76%, respectively. We also included in our work an extract from petroleum coke (PC), a carbon-rich product used among other applications in the production of silicon carbide. This product was much poorer in PAH than coal tar pitches (70 and 30 times less than CTP and CTP L , respectively), and almost devoid of 4-ring derivatives. To get additional insights in the effect of chemical complexity, we included in our study reconstituted synthetic PAH fractions of the later raw extracts and pure B[a]P. The amount of mixtures used in our experiments are larger than actual exposures. Our work on chemical complexity of the mixtures was performed with amounts of 8.8 nmol/cm 2 B[a]P, namely only 10-times larger than the 0.1 nmol/cm 2 values determined in aluminum factories workers [START_REF] Vanrooij | Dermal exposure to polycyclic aromatic hydrocarbons among primary aluminium workers[END_REF]. It should also be mentioned that our largest dose is lower than that used in some other works [START_REF] Brinkmann | Metabolically competent human skin models: activation and genotoxicity of benzo a pyrene[END_REF][START_REF] Moody | In-vivo and in-vitro dermal absorption of benzo[a]pyrene in rat, guinea-pig, human and tissuecultured skin[END_REF][START_REF] Sartorelli | Dermal exposure assessment of polycyclic aromatic hydrocarbons: in vitro percutaneous penetration from lubricating oil[END_REF]). • The source of UV radiation. The vast majority of the published studies on the phototoxicity of PAH used either pure UVB or pure UVA. However, it is important to consider that human skin is never exposed to such pure sources of UV, and that concomitant and cooperative effects can take place between UVB and UVA. This is the reason why we performed all irradiations with a solar simulator emitting less than 5% UVB, similar to solar irradiation that reaches the Earth's surface. The applied dose corresponded approximately to 50 min of exposure in summer in a mid-latitude European country with a UV index of 6. Such conditions are highly relevant to occupational exposures.

It should be mentioned that a large fraction of the data were obtained with the same three donors as those used for the study of trans-epidermal migration of PAH and of their metabolites. The results of the latter work were recently published (Bourgart et al. 2019) and provide interesting insights on the present data.

Viability of skin explants

The viability of the treated explants was investigated for the CTP and CTP-S mixtures, which are those applied to skin in the largest amount. Data were obtained by the robust MTT assay. A version of this technique was developed for skin explants. The same treatments as those used for gene expression and DNA damage quantification were applied to explants, together with a positive control consisting in topical application of 5 µL of 10% w/w SDS in water (Table 1). We first confirmed the ability of our method at assessing cytotoxicity since the value for the positive control was 10 times lower than that of the untreated skin. SSL and CTP-S alone led to a 30% loss of viability. The irradiation before application of CTP-S led to a 70% viability while the reverse order of treatment in the PAH/SSL protocol decreased viability by a factor 2. Unfortunately, no information could be obtained in skin topically exposed to crude CTP extract because of the presence of interfering colorful compounds. To obtain information on this mixture, we performed MTT measurements on primary cultures of keratinocytes from 2 donors. Two concentrations of mixtures, corresponding to 0.01 and 0.1 µM B[a]P were used. SSL (2 MED) induced 25% loss of viability. Pure mixtures were less toxic, with a small concentration effect and a slightly better viability for CTP-S compared to CTP. Like in skin, exposure of SSL after addition of mixtures only slightly increased the effect Table 1 Viability determined by a MTT assay in skin explants and primary cultures of normal human keratinocytes exposed to SSL (2 MED), CTP and CTP-S (CTP: crude coal tar pitch extract; CTP-S: synthetic reconstitution of the PAH fraction of CTP) following different experimental protocols An amount of CTP-S corresponding to 10 nmol B[a]P was topically applied to the skin explants. The concentration of CTP-S and CTP in the culture medium of keratinocytes was either 0.01 or 0.1 µM. Skin explants originating from a same donor were used in triplicate for each condition. Keratinocytes cultured from two different skin samples (six replicates per condition for each donor) were grown in 96-well plates for the assay. Results are % of viability compared to untreated samples of CTP-S and CTP. In contrast, the PAH/SSL protocol was much more cytotoxic for CTP-S in keratinocytes than in skin. The same strong loss of viability was observed in keratinocytes treated with CTP and then irradiated. It seems likely that the larger sensitivity of keratinocytes compared to skin is explained by the much more efficient contact between the PAHs and the cells in the former case. This would lead to larger intracellular concentration of PAH and a much more efficient photochemical enhancement of the effect of SSL. Altogether, it can be concluded that, in skin, the mixtures alone exhibit a moderate toxicity. SSL alone and the PAH/ SSL protocol are somewhat more toxic but the loss of viability remains below 30%. A stronger effect is observed for the PAH/SSL protocol with 50% viability.

Expression of CYP450 genes upon exposure to complex mixtures

In a first step, we investigated the extent of expression of three major genes coding for enzymes involved in the metabolism of PAH, the cytochrome P450 monooxygenases 1A1, 1A2, and 1B1 in skin explants exposed to PAH for 48 h (Fig. 1). The treatment time was selected based on our previous work that showed that it corresponded to the maximal expression of the three genes [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF]). RT-qPCR data showed that 10 nmol B[a]P significantly induced their overexpression with fold increases of 21 for CYP1A1 and 23 for CYP1A2. CYP1B1 was only overexpressed by a factor 3.5. The same order of increase in gene expression was observed in the skin samples exposed to the CTP and CTP-S PAH mixtures containing 10 nmol B[a]P. The extent of overexpression of the CYP genes was roughly one order of magnitude larger with CTP-S than with pure B[a]P. This difference was slightly lower for the CTP raw extract, which led to a 30-50% lower induction of CYP genes, compared to CTP-S. No significant modulation of the expression of the gene coding for epoxide hydrolase EPHX1 was observed (data not shown).

Formation of DNA adducts with pure B[a]P and mixtures

The level of BPDE-N 2 -dGuo adducts was then measured in the same skin explants. We observed a drastic effect of the presence of compounds other than B[a]P in the mixture. While a level of 9.9 ± 1.9 BPDE-N 2 -dGuo per million bases was determined in skin exposed to 10 nmol of pure B[a] P, a twofold lower value, 5.4 ± 0.8 (p < 0.05), was found in samples exposed to CTP-S-10. This ratio was more than 25 for skin exposed to crude CTP-10 where the level of BPDE-N 2 -dGuo was 0.22 ± 0.05 (p < 0.01). The same order in the level of content in DNA adducts (B[a]P > CTP-S > CTP) was observed between 24 and 72 h, although at the value for CTP-S-10 was closer to that for B[a]P-10 samples at the 72 h time-point (Fig. 2).

Effect of the nature of the mixture on DNA adducts formation

We then investigated the formation of BPDE-N 2 -dGuo in skin samples from three other donors exposed to pure B Therefore, we limited the applied amount of B[a]P to 1 nmol. At this dose, the lower level of adducts produced by pure B[a]P with comparison with the synthetic mixtures CTP-S-1, CTP L -S-1, and PC-S-1 did not reach statistical significance (Fig. 3). In contrast, the inhibition of the formation of BPDE-N 2 -dGuo was larger for the raw extracts, in particular CTP L -1 and PC-1. No statistically significant difference was observed between CTP-S-1 and CTP-1, but a one order of magnitude lower level of adduct was observed in the crude extracts compared to the synthetic mixtures for CTP L -1 and PC-1. It may be added that, unexpectedly, the level of DNA adducts of skin exposed to CTP-1 was more than twice that found in the DNA of explants exposed to a 10-times larger dose (CPT-10, Fig. 2).

Impact of simulated sunlight on PAH-mediated gene induction

Investigation of the effect of solar UV was performed with explants from the same donors as those used in gene expression and DNA damage parts. In terms of gene expression (Table 2), exposure to SSL alone only slightly increased the expression of CYP genes. A twofold increase was also mediated by the exposure to SSL in samples exposed to B[a] P only. However, these differences did not reach statistical significance. A significant inhibitory effect of exposure to SSL 1 h before incubation with PAH was observed on the modulation of gene expression in skin samples exposed to CTP-S-10 and CTP-10, with the exception of CYP1B1 with CTP-10. A similar statistically significant inhibitory effect was observed for the three genes when explants were incubated with CTP-S-10 24 h before exposure to SSL. A statistically significant lower induction of CYP1A2 was also observed with CTP-10. As a general trend, the inhibitory effects of SSL on gene induction were more pronounced with crude extracts rather than synthetic mixtures.

Formation of DNA adducts upon co-exposure to SSL and PAH mixtures

We then quantified the level of BPDE-N 2 -dGuo in the samples of skin explants exposed to SSL and to PAH mixtures for 48 h (Table 3). A strong and significant inhibitory effect was observed for the synthetic mixture CTP-S-10 in both the SSL/PAH and PAH/SSL protocols. The decrease induced by the exposure to SSL compared to the PAH treatment only was 3.8 and 2.1, respectively. A lower and not statistically significant effect was observed for pure B[a]P with SSLinduced decrease of 1.4 under both protocols. No clear trend was observed for the crude mixture because the HPLC-MS/ MS signal was at the limit of quantification and the error on the measure was too high to draw clear conclusions (data not Samples were irradiated either 1 h before or 24 h after the beginning of the PAH treatment (CTP: crude coal tar pitch extract; CTP-S: synthetic reconstitution of the PAH fraction of CTP). The numbers in brackets are the ratio between expression observed in skin explants treated with PAH with additional exposure to SSL and in those treated with PAH only (see Fig. 1). Results were obtained from three donors studied in triplicates and represent the mean ± standard error. Statistical significance of the differences between irradiated and non-irradiated: *p < 0.05, **p < 0.01 shown). To complete these data, we repeated the SSL/PAH protocol with collection of the explants after 24 h instead of 48 h of treatment. Under these conditions, a statistically lower level of DNA adducts was observed in irradiated samples for both B[a]P-10 and CTP-S-10. The respective inhibitory effect of SSL on the formation of BPDE-N 2 -dGuo was 6.5 and 2.2 (Table 3).

CYP1A1 CYP1A2 CYP1B1 SSL 2.5 ± 0.4 (2.

Discussion

In contrast to the general population where cutaneous contamination by PAH is minor, this exposure route is a key issue in occupational health. Indeed, workers in specific industries can be exposed to high levels of this class of toxic chemicals, depending on their tasks [START_REF] Forster | 3-Hydroxybenzo[a]pyrene in the urine of workers with occupational exposure to polycyclic aromatic hydrocarbons in different industries[END_REF]. Risk assessment is therefore critical, but represents a major challenge for two reasons. The first is the large diversity of chemical complexity of the mixtures that workers are exposed to. PAH are found in different proportions and in different matrices, depending on the products which are manufactured or used. A second issue for skin toxicity is the confounding role of exposure to sunlight, either during working hours or after, which may induce PAH-mediated processes and modulate the skin's biological response to PAH. Effect of the chemical complexity was presently investigated with crude organic extracts from coal tar pitch (CTP) or the corresponding synthetically reconstituted fractions containing 12 major PAH (CTP-S). The two solutions were topically applied for 48 h to skin explants in amounts containing 10 nmol B[a]P. Induction of CYP1A1, 1A2, and to a lesser extent 1B1, was larger in skin exposed to CTP-S-10 and CTP-10 compared to 10 nmol pure B[a]P. Interestingly, expression of CYP1A1 and 1A2 was roughly 10-times higher with CTP-S-10 than B[a]P-10, namely in a ratio very close to the ratio between the overall applied amount of PAH. Indeed, the total PAH concentration of CTP-S is 24 mM compared to 2 mM B[a]P. On the same line, the increase in expression induced by 10 nmol B[a]P is roughly one order of magnitude lower than the induction we observed in similar experiments involving topical application of 100 nmol B[a]P [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF]). These observations strongly suggest that, under our experimental conditions, the amount of applied mixture containing only PAH was not large enough to saturate the response in gene expression, unlike what has sometimes been proposed [START_REF] Jacques | Disposition and biotransformation of 14C-Benzo(a)pyrene in a pig ear skin model: ex vivo and in vitro approaches[END_REF]Ng et al. 1992). Yet, we observed a twofold lower induction of CYP in explants exposed to the crude CTP extract than to the synthetic mixture. The observed difference strongly suggests a mild, but significant inhibitory effect of chemicals other than PAH present in the raw mixture on CYP gene induction.

In contrast to gene expression, the level of adducts between DNA and the most deleterious B[a]P metabolite, BPDE, strongly decreased with increasing chemical complexity. Although all skin explants were exposed to 10 nmol B[a]P, the amount of BPDE-N 2 -dGuo was 2.5 and 22 times lower in skin exposed to CPT-S-10 and CPT-10, respectively, than to pure B[a]P after 48 h exposure. This extent of DNA damage formation inversely follows the order of chemical complexity since CTP-S contains only 12 PAH, while raw CTP also contains other PAH as well as chemicals of different types. The low level of DNA adducts upon complex mixture exposure was also observed in skin of patients treated with coal tar ointments (CTO). Values ranging between 0.3 and 0.01 adducts per 10 6 bases were found following exposure to CTO containing 60 pmol/cm 2 B[a]P [START_REF] Godschalk | Aromatic DNA adducts in human white blood cells and skin after dermal application of coal tar[END_REF]. Exposure of healthy volunteers to CTO resulted in 10-times fewer B[a]P content, leading to a frequency of PAH adducts of 0.2 per 10 6 bases [START_REF] Roelofzen | DNA adducts in skin biopsies and 1-hydroxypyrene in urine of psoriasis patients and healthy volunteers following treatment with coal tar[END_REF]. Interestingly, the observation of a decreased formation of adducts with increasing mixture complexity was also made in our skin explants for tetraol, the final product of BPDE, and all other PAH metabolites investigated (Bourgart et al. 2019). These results show that decreased formation of DNA adducts is mostly explained by reduced production of metabolites and not by modulation of other cellular pathways. When other mixtures (CTP, CTP L , and CP) were applied in amount containing 1 nmol B[a]P, the formation of BPDE adducts also followed a trend opposite to the chemical complexity. The highest level of BPDE-N 2 -dGuo was observed in explants exposed to CTP-1 where PAH represent 2.8% of the overall crude starting product. A 7-and 3-fold lower value of DNA adducts was observed for CTP L and CP, respectively, which both contain lower PAH proportion (0.8 and 0.03% PAH, respectively) than CTP. The Table 3 Level of BPDE-N 2 -dGuo in the DNA of skin explants incubated with PAH for either 24 or 48 h, and co-exposed to SSL (CTP: raw coal tar pitch extract; CTP-S: synthetic reconstitution of the PAH fraction of CTP)

The latter was applied either 1 h before or 24 h after the beginning of the PAH treatment. The value in brackets is the decrease in adduct formation, namely the ratio between the data obtained in the absence and the presence of an irradiation step. Results were obtained from three donors studied in triplicate and represent the mean ± standard error. Statistical significance of the differences between irradiated and non-irradiated: *p < 0.05, **p < 0.01 The decrease in metabolism of PAH, and in particular of B[a]P, with increasing chemical complexity of the exposure cannot be explained by a decrease in CYP450 gene expression, at least when results obtained with pure B[a]P are compared with synthetic or crude extracts. Indeed, as discussed above, induction of CYP genes is much higher with the mixtures. Lower expression of genes with raw extracts than synthetic mixtures could partly explain the DNA adducts results. However, the difference in gene expression observed between CTP-S and CTP is only a factor of 2 while the corresponding ratio for the level of adducts is approximatively 10 for CTP-10, CTP L -1, and PC-1. An alternative explanation to our observation of a lower level of B[a]P adducts in the explants exposed to the more complex mixtures could be a slower migration of parent PAHs in the skin, thereby decreasing the amount of substrate for metabolism enzymes. Measurements performed in our samples showed that although the amount of PAH remaining at the surface of the explants was higher with raw extracts than with synthetic mixtures, the content within the skin was similar in both cases (Bourgart et al. 2019).

The link between inhibition of metabolism and increased chemical complexity is rather in agreement with another hypothesis, namely the occurrence of competition and inhibition in the biotransformation enzymatic reactions [START_REF] Dankovic | Complex mixture effects on the dermal absorption of benzo a pyrene and other polycyclic aromatic-hydrocarbons from mouse skin[END_REF][START_REF] Pushparajah | Antagonistic and synergistic interactions during the binding of binary mixtures of polycyclic aromatic hydrocarbons to the aryl hydrocarbon receptor[END_REF][START_REF] Shimada | Different mechanisms for inhibition of human cytochromes P450 1A1, 1A2, and 1B1 by polycyclic aromatic inhibitors[END_REF]Shimada et al. , 2008)). Exposure to mixtures, which may be as simple as binary mixtures, exhibit different effects, depending on the cell type. In cultured hepatocytes and liver slices, PAH-rich mixtures were found to also exhibit synergistic effects on the metabolism and genotoxicity of B[a]P [START_REF] Sevastyanova | In vitro genotoxicity of PAH mixtures and organic extract from urban air particles: part II: human cell lines[END_REF][START_REF] Staal | Modulation of gene expression and DNA-adduct formation in precision-cut liver slices exposed to polycyclic aromatic hydrocarbons of different carcinogenic potency[END_REF]Staal et al. , 2008;;Tarantini et al. 2011a, b). In contrast, inhibition of the latter processes was always observed for cells with low metabolism capacities, like pulmonary cells (Binkova and Sram 2004;[START_REF] Genies | Inhibition of the formation of benzo[a]pyrene adducts to DNA in A549 lung cells exposed to mixtures of polycyclic aromatic hydrocarbons[END_REF][START_REF] Sevastyanova | In vitro genotoxicity of PAH mixtures and organic extract from urban air particles: part II: human cell lines[END_REF]. By analogy, our present observations could be explained by the fact that the amount of CYP450 proteins expressed in skin is low, and that competition between components of the mixtures exhibit a drastic effect. The observation that, for the less complex mixture CTP, the level of BDPE-DNA adducts increases when the applied amount decreases from 10 to 1 nmol can be explained by a lower competition between PAH and other chemicals. This unexpected dilution effect is not observed with the other mixtures, where PAH represents a lesser fraction and which exhibit a larger complexity. The bulk of these results points again to a threshold in the inhibition of metabolism by mixtures that further complicates risk assessment.

Additional explanations could be found in the expression of genes and proteins. A major impact of the mixtures on EPHX and phase 2 enzymes, such as GST, is unlikely. Indeed, we have shown in a previous work that expression of the corresponding genes was not affected by exposure to 100 nmol B[a]P [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF]. The impact of exposure to complex mixtures on PAH metabolism could also result from modulation of epigenetics factors, as suggested by a growing number of studies [START_REF] Hu | Epigenetic response profiles into environmental epigenotoxicant screening and health risk assessment: a critical review[END_REF]. Therefore, more research will be needed, since studies report either hyper- [START_REF] He | CpG site-specific RASSF1a hypermethylation is associated with occupational PAH exposure and genomic instability[END_REF] or hypomethylation of DNA [START_REF] Liu | CYP1A1 methylation mediates the effect of smoking and occupational polycyclic aromatic hydrocarbons co-exposure on oxidative DNA damage among Chinese coke-oven workers[END_REF]. A more likely hypothesis is the involvement of aldo-keto reductases (AKR). These enzymes can convert B[a]P dihydrodiol in the corresponding catechol, thereby preventing its subsequent epoxidation by CYP450 into BPDE. This role of AKR has been well documented for lung cells [START_REF] Abedin | Aldo-keto reductases protect lung adenocarcinoma cells from the acute toxicity of B[a]P-7,8-transdihydrodiol[END_REF][START_REF] Palackal | Activation of polycyclic aromatic hydrocarbon trans-dihydrodiol proximate carcinogens by human aldo-keto reductase (AKR1C) enzymes and their functional overexpression in human lung carcinoma (A549) cells[END_REF]. We proposed that the larger expression of AKRC1, together with that of the multi resistance protein 4, in A549 lung cells compared to HepG2 hepatocytes explained why the dose-course formation of DNA adducts was proportional to the concentration in the latter cells, but reach saturation at 200 nM in the former (Genies et al. 2013).

After chemical complexity, we investigated the impact of exposure to simulated sunlight on the metabolism and genotoxicity of PAH mixtures. In agreement with reports made in HaCaT cells (Fritsche et al. 2007;Rannug and Fritsche 2006), as well as in primary culture of human keratinocytes and human skin explants [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF], we observed that exposure to SSL alone slightly activated the expression of CYP450 genes by a factor of 2. We also observed that exposure of explants to SSL before or after treatment with 10 nmol B[a]P exhibited the same effect, although without reaching statistical significance. The latter observation contrasts with our recent results obtained following exposure to 100 nmol B[a]P in skin explants where a 2-3-fold decrease in gene expression was observed [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF]). Comparison of these two studies suggests a possible dose-effect. A significant decrease in gene expression was observed upon co-exposure of skin explants to sunlight and either CTP-S-10 or CTP-10 mixtures. This trend was particularly significant with the crude extracts and when SSL was applied before treatment with PAH. These results show, as we reported in our previous study involving pure B[a]P applied to skin or primary keratinocytes [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF], that the mild stimulation of CYP450 genes expression by SSL alone has no direct consequences when skin is co-exposed to PAH. This conclusion reinforces our previous hypothesis that endogenous photoproducts responsible for the induction of AhR-dependent pathways either weakly bind to this factor or are present in very low concentration and therefore cannot compete with exogenous ligands like PAH (Youssef et al. 2018).

This SSL-mediated inhibition of metabolism is, as expected, reflected in the formation of BPDE-DNA adducts in explants exposed for 48 h to pure B[a]P (although without reaching statistical significance), CTP-S, and CTP. A stronger effect on BPDE-DNA adducts has been observed in our previous work with larger amount of pure B[a]P [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF]. To determine whether different formation kinetics could be induced by a lower dose, we repeated the previous analyses at 24 h instead of 48 h. At this shorter time-point, the impact of the exposure to SSL before exposure to B[a]P and PAH mixture was much stronger than at 48 h, thereby providing stronger support for an inhibitory effect of UV on metabolism and genotoxicity of PAH in mixtures. This observed time-dependence is yet reminiscent of results obtained with 100 nmol B[a]P [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF], suggesting that the formation of adducts is not completely inhibited with synthetic mixtures, but seems rather to be delayed. An alternative explanation to the decreased level of DNA adducts upon co-exposure to PAH and SSL could have been as a result of photodegradation of the PAH at the surface of the explants (Yu et al. 2006). This seems very unlikely because the strongest effect of inhibition of CYP450 gene expression and DNA damage formation was observed when irradiations were performed before application of PAH. In addition, we measured the composition of CTP and CTP-S irradiated in the dry state on a glass plate and could not find any difference with the initial mixtures (data not shown). An additional explanation could be the increased penetration of parent PAH observed in irradiated skin (Bourgart et al. 2019;[START_REF] Hopf | Polycyclic aromatic hydrocarbons (PAHs) skin permeation rates change with simultaneous exposures to solar ultraviolet radiation (UV-S)[END_REF]). Interestingly, there is one report of a stimulation of the expression of the gene coding for AKR1C in keratinocytes exposed to UVB [START_REF] Marin | Aldo-keto reductase 1C subfamily genes in skin are UV-inducible: possible role in keratinocytes survival[END_REF]. This observation could make the link between our observation of the effects of chemical complexity of the mixtures and of SSL.

Conclusion

Our present data emphasize the role of two important factors in the genotoxicity of PAH in skin upon occupational exposure: the composition of the contaminating mixture and the modulation by the UV portion of sunlight. We provide clear evidence that induction of metabolism is not hampered by the mixture effect. However, although genes are expressed, individual PAHs are less efficiently metabolized as the mixture complexity increases, likely as the result of competition for enzymatic processes. This is well illustrated in the present work for B[a]P through the quantification of its DNA adducts. The strong mixture effects observed, in addition to a threshold evidenced by unexpected dilution effects, reinforce the growing need for risk assessment tools which do not depend on additivity principle, unlike Toxic Equivalency Factors. The same conclusion can be made regarding the modulation effect of solar UV radiation, which decreases the metabolism capacities of skin and delays the formation of DNA adducts. In terms of occupational safety, these two important results may be positive observations suggesting a reduced immediate toxicity. Conversely, these results also mean that PAH are less rapidly metabolized and eliminated, thereby expanding the duration of the internal exposure. It should be stressed that our work only involved a limited number of donors, all of them being women. It would be interesting to investigate how our observations are modulated within a population with different polymorphisms in metabolism genes. Some of them are associated with increased cancer risk upon exposure to PAH and other xenobiotics [START_REF] Gajecka | CYP1A1, CYP2D6, CYP2E1, NAT2, GSTM1 and GSTT1 polymorphisms or their combinations are associated with the increased risk of the laryngeal squamous cell carcinoma[END_REF][START_REF] Olshan | GSTM1, GSTT1, GSTP1, CYP1A1, and NAT1 polymorphisms, tobacco use, and the risk of head and neck cancer[END_REF]. In addition, investigation of the gender effect is important since it is known most of the jobs associated with high PAH exposure are mostly made by men [START_REF] Scarselli | Gender differences in occupational exposure to carcinogens among Italian workers[END_REF]). Shimada T, Murayama N, Tanaka K et al (2008) Skin cancer is a major health concern. A large amount of experimental and epidemiological studies have shown the involvement of overexposure to solar UV radiation [START_REF] Melnikova | Cellular and molecular events leading to the development of skin cancer[END_REF]Molho-Pessach and Lotem, 2007). UV photons, in particular UVB, are absorbed by DNA where they induce the formation of cyclobutane pyrimidine dimers (CPD), pyrimidine pyrimidone photoproducts (64PP), and their Dewar valence isomers (Cadet et al., 2005). Bipyrimidine photoproducts are responsible for the mutations found in skin tumors, which are mostly encountered at bipyrimidine sequences [START_REF] Brash | UV signature mutations[END_REF][START_REF] Brash | A role for sunlight in skin cancer: UV-induced p53 mutations in squamous cell carcinoma[END_REF][START_REF] Ziegler | Mutation hotspots due to sunlight in the p53 gene of nonmelanoma skin cancers[END_REF]. Solar light is not the only genotoxic agent to which skin is exposed. Indeed, chemicals can interact with skin and cause deleterious effects. Polycyclic aromatic hydrocarbons (PAH) are among these toxic compounds to which workers may be cutaneously exposed [START_REF] Bonzini | Looking for "lost occupational cancers": a systematic evaluation of occupational exposure in a case series of cutaneous squamous cell carcinomas in Italy[END_REF][START_REF] Cirla | Assessment of exposure to Polycyclic Aromatic Hydrocarbons (PAH) in Italian asphalt workers[END_REF]Herbert et al., 1990;[START_REF] Sellappa | Cytogenetic biomonitoring of road paving workers occupationally exposed to polycyclic aromatic hydrocarbons[END_REF][START_REF] Serdar | Biomarkers of exposure to polycyclic aromatic hydrocarbons (PAHs) and DNA damage: a cross-sectional pilot study among roofers in South Florida[END_REF][START_REF] Vaananen | Dermal exposure to polycyclic aromatic hydrocarbons among road pavers[END_REF]. PAH are by-products of the combustion of organic matter and are thus found in many products used in industry or released by numerous industrial processes. Among other deleterious health effects, PAH are suspected of exhibiting genotoxic and carcinogenic effects in skin (Boffetta et al., 1997).

The toxicity and genotoxicity of PAH in skin has been well investigated, but a complete understanding of the cutaneous impact of these compounds has to include their co-exposure with sunlight, in particular the UV portion of its spectrum. Workers who conduct their occupational activities outdoors (i.e., roofers, road construction crew) can be simultaneously exposed to solar radiation and PAH. Workers exposed to PAH indoors may be exposed to sunlight following the working hours, for instance during recreational activities. In addition to these concerns for occupational safety, the role of co-exposure to PAH and sunlight has been recently pointed out in the general population [START_REF] Marrot | Pollution and sun exposure: a dele serious synergy mechanisms and opportunities for skin protection[END_REF][START_REF] Zegarska | Air pollution, UV irradiation and skin carcinogenesis: what we know, where we stand and what is likely to happen in the future?[END_REF]. Therefore, a precise understanding of biological processes impacted by simultaneous exposure to PAH and sunlight is mandatory to propose an efficient protection strategy.

A first possible mechanism is a phototoxicity effect driven by photosensitized reactions and oxidative stress. This aspect has been well studied in vitro (Crallan et al., 2005;Mauthe et al., 1995;[START_REF] Soeur | Photo-pollution stress in skin: traces of pollutants (PAH and particulate matter) impair redox homeostasis in keratinocytes exposed to UVA1[END_REF]Yu et al., 2006). An additional role of solar UV could be the https://doi.org/10.1016/j.tiv. T conversion of parent PAH into more toxic photodegradation products (Teranishi et al., 2010;Toyooka and Ibuki, 2007). An in vivo experiment has also shown that co-exposure of mice to UVA and B[a]P increased the level of DNA adducts in skin, possibly as the result of their impaired repair (Saladi et al., 2003). A link with cancer could also be that both B[a]P and UV modulate cell proliferation [START_REF] Pandey | Cholesterol homeostasis and cell proliferation by mitogenic homologs: insulin, benzo-alphapyrene and UV radiation[END_REF].

Another pathway linking PAH and UV exposure involves the aryl hydrocarbon receptor (AhR). This important factor in the cellular response to xenobiotics is essential for the triggering of the metabolism machinery and is activated by binding to compounds, such as dioxins and PAH. Interestingly, UV radiation has also been shown to induce the activation of AhR and trigger a wide variety of biological responses (Esser et al., 2013;Rannug and Fritsche, 2006). Among them is the activation of the xenobiotic metabolism pathway and the overexpression of CYP450 enzymes (Fritsche et al., 2007;Nair et al., 2009). This effect was proposed to be mediated by endogenous tryptophan photoproducts and, in particular, 6-formylindolo [3,2-b]carbazole (FICZ), which has been detected in irradiated cells only after incubation with very high, non-physiological concentrations of tryptophan (Fritsche et al., 2007) but not under more biologically relevant conditions (Youssef et al., 2018). The origin and the extent of this stimulation of metabolization remain thus to be assessed. In contrast to what was expected, we recently reported that simulated sunlight (SSL) applied to primary cultures of human keratinocytes or skin explants reduced the B [a]P-induced expression of CYP450 and the level of the B[a]P diol epoxide adducts in DNA [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF]. Similar results were obtained for the production of metabolites in skin co-exposed to complex PAH mixtures and SSL (Bourgart et al., 2019). The extent of AhR stimulation by sunlight in the presence of PAH is thus an important issue in understanding the toxic and genotoxic effects of co-exposures in skin, particularly since AhR was recently reported to exhibit a negative impact on DNA repair [START_REF] Pollet | The AHR represses nucleotide excision repair and apoptosis and contributes to UV-induced skin carcinogenesis[END_REF].

The present work was thus designed to explore the impact of the presence of B[a]P on the deleterious effects of SSL in primary culture of human normal keratinocytes (NHK). We previously studied the modulation of PAH metabolism and DNA damaging properties of B[a]P in the same biological model [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF]. Here, we focused on cytotoxicity and formation and repair of UV-induced pyrimidine dimers. Emphasis was placed on the possible role played by AhR.

Material and methods

Culture of primary human keratinocytes

Keratinocyte cultures were prepared from fresh human skin samples, as previously described (Mouret et al., 2006). Human skin samples were obtained according to the French Public Health Code on the use of surgical waste (article L1245-2). Donors were healthy females undergoing elective breast reduction surgery (Centre Hospitalier Universitaire de Grenoble, Grenoble, France) who gave their informed consent. All experiments were performed in accordance with relevant guidelines and regulations. Storage of human skin samples was listed in the CODECOH DC-2019-3391 document validated by the appropriate authorities. Donors were between the ages of 17-58, and their skin were phototypes II or III of the Fitzpatrick classification (Fitzpatrick, 1988). NHK were grown in keratinocyte serum-free medium (KSFM) containing 1% Pen/Strep, 25 μg/mL bovine pituitary extract (BPE), and 0.9 ng/mL of recombinant human epidermal growth factor (EGF). BPE and EGF were removed from the cell culture media 24 h before B[a]P treatments or irradiations, and throughout the subsequent experiment.

Treatment of keratinocytes

Protocols involved exposure to SSL and/or treatment by B[a]P.

Exposures to SSL were performed with a LS1000 Solar Simulator (Solar Light Company, Glenside, PA), which emitted wavelengths in the 290-400 nm range. The radiation intensity was 22 J cm -2 h -1 corresponding to 6 minimal erythema doses (MED) per hr. The maximal SSL dose used was 2 MED. B[a]P (Sigma-Aldrich) diluted in DMSO at 10 mM was added to the culture medium to reach the final targeted concentration which ranged between 0.05 and 2 μM depending on the experiments. For the SSL/B[a]P protocol, keratinocytes were rinsed twice with PBS and exposed to 2 MED SSL in PBS. They were then maintained in PBS in the incubator for 1 h. PBS was removed, and KFSM with or without B[a]P diluted in DMSO was added to reach the final targeted concentration. Samples were collected after increasing periods of time. Controls were incubated with medium containing pure DMSO. For samples treated under the B[a]P/SSL protocol, medium containing 1 μM or less B[a]P was added to the cells. The samples were then maintained in the incubator. Twenty-four hours later, culture medium was removed and the samples rinsed twice with PBS. Similar pre-treatments were performed with medium containing either 1 μM B [a]P and the AhR antagonist CH223191 (concentrations from 2 to 25 μM in DMSO) or 2,3,7,8-Tetrachlorodibenzo-p-dioxine (TCDD, concentrations from 2 to 25 nM in toluene). SSL irradiations were performed in PBS, and NHK were placed back in culture medium with or without B[a]P. Cell pellets were collected as technical quadruplicates using biological replicates after increasing periods of time and frozen at -20 °C. UVB irradiation was performed like exposure to SSL with a 2 × 15 W UVB lamp (VL-245G, Bioblock) exhibiting an emission spectrum centered at 312 nm.

Determination of cellular toxicity in NHK

Cytotoxicity of the exposure to SSL and/or B[a]P was assessed from the measurement of mitochondrial activity by using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay. NHK (20,000 cells per well) were grown in 96-well plates, and exposed to the chosen protocol in terms of B[a]P concentration and dose of SSL. Additionally, NHK were also exposed to CH223191 or TCDD in order to ensure the working concentrations did not have any major cytotoxic effects. After 24 or 48 h, the exposure media were replaced with 100 μL of MTT solution and the plates were incubated 1 h at 37 °C. Formazan crystals were dissolved with 100 μL of DMSO. Absorption was then measured at 560 nm. Assays were reproduced three times with cells from three different donors independently, with n = 6, i.e. 6 independent replicates in each independent experiment.

Clonogenicity

Cells were seeded at 20 cells/cm 2 and grown in 6-well plates (area 9.5 cm 2 ) for 24 h before being exposed to B[a]P concentration and SSL dose at the chosen values. Irradiations were performed in PBS. Fresh medium was then added, which was changed every fourth day. When colonies in the control samples reached a cell content of approximately 50, namely around the 10th day of culture, the medium was removed from all plates and a solution of crystal violet (0.5% in H 2 O/EtOH 1:1) was added. After rinsing with water, the colonies were counted in each plate. Results were expressed in % with respect to controls.

Quantification of DNA damage

DNA was extracted from pellets containing 1 to 2 million cells using a protocol developed to limit spurious oxidation [START_REF] Ravanat | Cellular background level of 8-oxo-7,8-dihydro-2′-deoxyguanosine: an isotope based method to evaluate artefactual oxidation of DNA during its extraction and subsequent work-up[END_REF]. DNA was recovered in 50 μL of a deferoxamine solution. DNA was subsequently hydrolyzed by a cocktail of enzymes, all purchased from Sigma-Aldrich. The first incubation was performed using phosphodiesterase II, DNase II, and nuclease P1 (37 °C, 2 h). The second incubation step was then performed using phosphodiesterase I and alkaline phosphatase (37 °C, 2 h).

Samples were then injected on an HPLC system (ExionLC, SCIEX) equipped with a reverse-phase HPLC column (150 × 2 mm ID, 3 μm particle size, ODB, Interchim, Montluçon, France). The mobile phase was a gradient of acetonitrile (2 to 25%) in 2 mM triethylammonium acetate (pH 6). CPDs, 64PPs, and Dewars from TT, TC, CT and CC dinucleotides were quantified on a tandem mass spectrometer (SCIEX QTrap 6500 + ) as previously described (Douki, 2013). 8-Oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodGuo) was quantified in the same samples in a second injection. The HPLC solvent was then a gradient of methanol in 2 mM ammonium formate and the monitored transition in positive ionization electrospray was m/z 284➔168. HPLC-MS/MS was also used to quantify adducts between 2′-deoxyguanosine and B[a]P diol epoxide (BPDE-N 2 -dGuo) using a previously described method (Genies et al., 2013;[START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF]. The mass spectrometer was used in the positive ionization mode and the monitored transitions were m/z 570➔257 and m/z 570➔454. The HPLC solvent was a gradient of acetonitrile in 2 mM ammonium formate. In all types of analyses, unmodified nucleosides were detected with a UV detector. External calibration of the response of the detector was performed for each run of analyses. Authentic standards were injected several times during the run and permitted to control the stability of the sensitivity of the detection and of the retention times. Results were expressed in number of DNA lesions per million normal bases.

Statistical analysis

Statistical analyses were performed on pools of replicates originating from different donors. Data were statistically analyzed in GraphPad PRISM using one-way ANOVA followed by application of the non-parametric Dunn's test for multiple comparisons.

Results

Short-term phototoxicity of co-exposure to B[a]P and SSL

Evaluation of the phototoxicity was based on the measurement of the mitochondrial activity, which relied on the MTT assay performed on NHK collected from three different donors. Experiments were repeated in biological triplicates for each of them. We first performed experiments where NHK were incubated with fixed B[a]P concentrations, namely 0.1 and 1 μM, and then exposed to increasing doses of SSL (B[a] P/SSL protocol, Fig. 1). The mitochondrial metabolic activity rapidly dropped with increasing SSL dose in NHK treated with 1 μM B[a]P. A similar trend was observed with 0.1 μM B[a]P, but the effect of the SSL dose was lower. An additional experiment was performed with keratinocytes exposed to 2 MED SSL in the presence of increasing concentrations of B[a]P (Supplementary data Fig. S1). B[a]P alone exhibited limited effect while the combined B[a]P/SSL treatment led to increased response already at 0.1 μM B[a]P. It may be added that little difference was observed between the mitochondrial activities of between untreated NHK and those submitted to SSL or B[a]P only (Fig. S1). No effect was observed for the SSL/B[a]P protocol, namely when SSL was applied before treatment with PAH. The values for the MTT assay were 82 ± 9 and 89 ± 12% for the SSL and SSL/B[a]P protocols, respectively (n = 3).

Loss of clonogenicity in keratinocytes exposed to B[a]P followed by SSL irradiation

In order to better characterize the phototoxicity of co-exposure to SSL and B[a]P, we then performed a series of clonogenicity assays under our various experimental conditions. First, we studied the effect of exposure to pure B[a]P or exposure to SSL only. Under the most drastic conditions (1 μM B[a]P or 2 MED SSL), the clonogenicity was approximately 50% of that observed for untreated cells. It should be stressed that a stimulation effect was observed for the lowest doses of the two agents (Supplementary data Fig. S2). When cells were exposed to 2 MED of SSL after 24 h of incubation with 1 μM of B[a]P, no colonies were detected in the plates. In contrast, when the converse protocol was applied (1 μM B[a]P after 2 MED SSL), the clonogenicity was roughly 70% of that of cells exposed to SSL only. In order to better characterize the impact of co-exposure to B[a]P and SSL, we repeated the experiments on lower ranges of B[a]P concentrations and SSL doses limited between 0.1 and 0.5 MED. As observed above, drastic effects were observed with the B[a]P/SSL protocol since no colonies were observed at 0.2 μM B[a]P with the 2 doses of SSL used, as well as at 0.2 μM with 0.1 MED (Fig. 2). In contrast, more colonies were detected under all conditions in the SSL/B[a]P protocol.

Impact of the addition of B[a]P on repair of DNA photoproducts

Since formation of DNA damage is a major cause of cell death, we quantified the level of all pyrimidine dimers in the various samples (Supplementary data, Table S1). Initial distribution of the photoproducts was similar under all conditions. CPDs were the most frequent photoproducts with the previously reported sequence effect (TT > TC > CT > CC). 64PPs were present in lower amounts and partly recovered as Dewar valence isomers. The latter observation is explained by the efficient conversion of 64PPs by the UVA component of SSL. A time-course study of our data showed that in samples exposed to SSL only, 64PPs and Dewars were efficiently repaired. A difference was observed for the four CPDs, with TT CPD being the most slowly removed, while CC CPD was the fastest. These results are in line with previously published data [START_REF] Mouret | Differential repair of UVB-induced cyclobutane pyrimidine dimers in cultured human skin cells and whole human skin[END_REF].

The addition of 1 μM B[a]P 1 h after exposure to SSL did not modify the repair rate of CPDs (Fig. 3a). To eliminate a possible bias associated with the duration of the delay between irradiation and addition of B[a] P, we repeated the SSL/B[a]P treatment with a delay of 8 h rather than the 1-h time period previously used. Under both conditions, addition of B[a]P to the culture medium failed to modify the repair rate of neither CPDs nor 64PPs and Dewars (Supplementary data Fig. S3). In contrast, incubation of keratinocytes for 24 h with B[a]P prior to exposure to SSL completely inhibited the repair of the three types of photoproducts (Fig. 3b). When UVB was used instead of SSL, no modulation of repair by B[a]P was observed, whether it was added before or after irradiation (Supplementary data Fig. S4).

To further characterize the effects of incubation of B[a]P prior to SSL irradiation, we performed a time-course study of the level of bipyrimidine dimers in keratinocytes from additional donors. We applied the B[a]P/SSL protocol and B[a]P was used at concentrations of both 0.1 and 1 μM, with 2 MED SSL. The impact of preliminary incubation with 0.1 μM B[a]P on repair of CPDs induced by 2 MED SSL was as significant as with 1 μM (Fig. 4). When much milder conditions were used (0.1 MED SSL and 0.1 μM B[a]P), no impact of B[a]P was observed on the repair of photoproducts (Fig. 4).

Effect of modulation of AhR on the impact of B[a]P on phototoxicity and repair of DNA photoproducts

A series of experiments were performed with the dioxin TCDD and the AhR antagonist CH223191. TCDD led to a moderate loss of viability with an average 80% MTT score (Supplementary data, Table S2), with respect to the toluene (vehicle solvent) control over the range of concentrations investigated (Fig. 5a). Toluene controls were performed together with DMSO controls. No difference in viability was detected. CH223191 exhibited no detectable effect on cell viability (Supplementary data, Table S2). The efficiency of the antagonist effect of CH223191 at the concentration used in the subsequent experiments (5 μM) was checked by measuring by HPLC-MS/MS the level of DNA adducts to the diol epoxide of B[a]P (BPDE-N 2 -dGuo). As expected, the observed value was lower after 24-h incubation in samples containing CH223191 (23.2 ± 1.2 compared to 8.9 ± 1.7 BPDE-N 2 -dGuo per 10 6 bases with B[a]P and B[a]P + CH223191, respectively). Addition of CH223191 to B[a]P during the pre-treatment step before exposure to SSL improved neither the phototoxicity of the B[a]P/SSL protocol (Fig. 5a) nor the inhibition of DNA repair (Fig. 5b). Pre-incubation of NHK with TCDD alone did not affect the repair of photoproducts (Fig. 5b). 

Formation of 8-oxodGuo in NHK exposed to B[a]P and SSL

The level of 8-oxodGuo was quantified by HPLC-MS/MS in the DNA of NHK exposed either to B[a]P, SSL, the SSL/B[a]P protocol or the B[a] P/SSL protocol. Increase in the level of 8-oxodGuo was observed only under the latter conditions when the B[a]P concentration was 1 μM and the SSL dose 2 MED with a 4-fold larger value than in control NHK (Fig. 6). In contrast, no significant increase was observed when the latter values were decreased to 0.1 μM and 0.1 MED (2.6 ± 0.5 and 2.9 ± 0.6 8-oxodGuo per 10 7 bases in control and cells exposed to the B[a]P/SSL protocol).

Discussion

The present study aimed at assessing whether co-exposure of normal human keratinocytes to B[a]P and simulated sunlight could modulate the phototoxicity and genotoxicity of UV radiation. We also wanted to get insights into the underlying mechanisms, specifically by determining if AhR was involved. It has been shown that, possibly under the influence of tryptophan photoproducts (Diani-Moore et al., 2006;Fritsche et al., 2007;Nair et al., 2009;Rannug et al., 1995), exposure to UV radiation increased, by a factor of approximately 5, the expression of CYP450 genes due to AhR activation (Katiyar et al., 2000;Nair et al., 2009;Rannug and Fritsche, 2006;Wei et al., 1999). Interestingly, it was recently reported that AhR exhibited a negative effect on cellular DNA nucleotide excision repair capacities [START_REF] Pollet | The AHR represses nucleotide excision repair and apoptosis and contributes to UV-induced skin carcinogenesis[END_REF]. Another AhRmediated pathway for the decreased repair efficiency could be the ability to hinder mitochondrial functions and limit the production of ATP, which is essential for repair [START_REF] Aly | Cytotoxicity and mitochondrial dysfunction of 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD) in isolated rat hepatocytes[END_REF][START_REF] Chen | Endocrine disruptor, dioxin (TCDD)-induced mitochondrial dysfunction and apoptosis in human trophoblast-like JAR cells[END_REF][START_REF] Hwang | Mitochondrial-targeted aryl hydrocarbon receptor and the impact of 2,3,7,8-tetrachlorodibenzo-p-dioxin on cellular respiration and the mitochondrial proteome[END_REF][START_REF] Kennedy | 2,3,7,8-Tetrachlorodibenzo-p-dioxin-mediated production of reactive oxygen species is an essential step in the mechanism of action to accelerate human keratinocyte differentiation[END_REF].

We first studied cell death either with the short-term MTT assay or on a longer time-scale by quantification of the clonogenicity of NHK. In these first experiments, the SSL dose was set at 2 MED, which corresponds to < 1 h of exposure on a summer day in mid-latitude in Europe with a UV index of 6. The B[a]P concentration was 1 μM which may be considered as relevant to some occupational exposures. Values as high as 100 pmol/cm 2 of B[a]P have been reported for workers in the aluminum industry [START_REF] Vanrooij | Dermal exposure to polycyclic aromatic hydrocarbons among primary aluminium workers[END_REF]. We have recently reported that the B[a]P content in skin typically exposed to complex mixtures is around 40% of the applied dose after 48 h. If a penetration depth of a few hundred of micrometers, namely the epidermis and a part of the dermis, is considered, the corresponding local concentration is then the micromolar range. Cytotoxicity measured by these two complementary approaches showed that under the range of doses used, pure B[a]P and SSL only exhibited limited toxicity. When NHK were exposed to the largest SSL dose studied (2 MED) and then exposed to 1 μM B[a]P, namely the upper limit of the applied concentrations, phototoxicity was only slightly increased with respect to irradiation only. In addition, the DNA repair kinetics observed with the SSL/B[a]P protocol were similar to those obtained in cells exposed to SSL only, consistent with the limited impact of this treatment on cell survival. These results were the same whether a delay of 1 or 8 h was applied between exposure to SSL and B[a]P. Altogether, these observations suggest a limited impact of B [a]P on the cellular responses triggered by exposure to UV alone, and therefore a limited effect of the activation of the AhR pathway on DNA repair.

In drastic contrast to data obtained with the SSL/B[a]P treatment, the reverse protocol with incubation for 24 h with 1 μM B[a]P followed by exposure to 2 MED SSL led to complete cellular toxicity. The same observation was made at 0.5 MED for B[a]P concentrations of 0.2 μM. At 0.1 μM, cells survived a subsequent exposure to SSL when the dose was 0.1 MED at the most. The bulk of these results shows that the incubation with B[a]P prior to irradiation strongly sensitizes NHK, unlike the reverse protocol. Similar results of a drastically increased phototoxicity by low concentrations of PAH were recently reported for fibroblasts exposed to UVA1 [START_REF] Soeur | Photo-pollution stress in skin: traces of pollutants (PAH and particulate matter) impair redox homeostasis in keratinocytes exposed to UVA1[END_REF]. Our results thus show that biologically relevant doses of SSL applied after incubation with B [a]P concentration possibly found upon occupational contamination are much more toxic than the two toxic agents applied separately. It could be tempting to propose that incubation with B[a]P led to activation of the AhR pathway, which resulted in decreased DNA repair [START_REF] Pollet | The AHR represses nucleotide excision repair and apoptosis and contributes to UV-induced skin carcinogenesis[END_REF] and subsequently increased cell death as the result of apoptosis triggered by high levels of DNA damage.

However, this hypothesis was the opposite of the conclusion made on the basis of the results of SSL/B[a]P protocol, which shows no effect of the co-exposure. We therefore performed a series of additional experiments to unravel the origin of the phototoxicity and the decreased DNA repair in the B[a]P/SSL experiments. We first investigated the dose effects. A low concertation of 0.1 μM B[a]P in the latter protocol induced the same effect on DNA repair as 1 μM when 2 MED SSL was applied. This result shows that the decrease in repair activity observed in the B[a]P/SSL protocol is not explained by the sole presence of B[a] P. Normal repair activity and reduced cell toxicity were observed only when both the B[a]P concentration and the SSL dose were lowered to 0.1 μM and 0.1 MED, respectively. This result further shows that presence of both B[a]P and SSL are required for the observed effects.

In order to test the hypothesis of the involvement of AhR in the B[a] P/SSL-mediated negative impact on DNA repair, we repeated the experiments involving SSL irradiation following a 24-h B[a]P treatment in the presence of CH223191, an AhR antagonist that would be expected to prevent repair inhibition should AhR be involved. We could not see any influence of CH223191 on the effects of the B[a]P/SSL protocol on either the mitochondrial impairment or the repair of DNA photoproducts. We performed the converse experiment by treating keratinocytes with TCDD, a dioxin that is a strong AhR agonist and should hypothetically mimic the effects of B[a]P. Results were compared with those of SSL and B[a]P/SSL protocols. TCDD did not decrease the repair rate of pyrimidine dimers after exposure to SSL. These two series of results allow us to rule out a significant contribution of AhR in the B[a] P-mediated inhibition of DNA repair. This conclusion is in agreement with the limited modulation of DNA repair gene expression and the lack of modification at the repair protein level in mouse hepatoma cell lines exposed to TCDD [START_REF] Schreck | Influence of aryl hydrocarbon-(Ah) receptor and genotoxins on DNA repair gene expression and cell survival of mouse hepatoma cells[END_REF]. The fact that addition of B[a]P after irradiation, which efficiently induces AhR in NHK as shown by increased CYP450 expression and formation of DNA adducts [START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF], did not affect repair even 48 h after exposure to SSL, thus further supporting a very limited role of AhR.

A more likely alternative explanation to the impact of B[a]P on UV effects could be a role of photosensitized induction of oxidative stress. This effect has been reported in several in vitro studies (Crallan et 2005;Mauthe et al., 1995;[START_REF] Ors | Cytoprotective effect of a functional antipollutant blend through reducing B a P-induced intracellular oxidative stress and UVA exposure[END_REF][START_REF] Soeur | Photo-pollution stress in skin: traces of pollutants (PAH and particulate matter) impair redox homeostasis in keratinocytes exposed to UVA1[END_REF][START_REF] Batista Filgueira | Photodynamic action of benzo a pyrene in K562 cells[END_REF][START_REF] Xia | UVA photoirradiation of benzo a pyrene metabolites: induction of cytotoxicity, reactive oxygen species, and lipid peroxidation[END_REF]Yu et al., 2006). Accordingly, we observed a larger induction of 8-oxodGuo, a typical DNA oxidation marker, when the B[a]P/SSL protocol was applied under the most cytotoxic conditions. The decreased DNA repair activity could thus be explained by the fact that most cells are dying and metabolically inactive. The strong phototoxicity of B[a]P has been recently documented in human fibroblasts exposed to UVA1 at concentrations of 5 and 50 nM [START_REF] Soeur | Photo-pollution stress in skin: traces of pollutants (PAH and particulate matter) impair redox homeostasis in keratinocytes exposed to UVA1[END_REF]. Although these data cannot be directly compared to ours because of the difference in cell type and UV source, they illustrate the strong photosensitizing properties of B[a]P. It should be mentioned that another role of B[a]P-mediated photosensitization could be the increasingly documented negative impact of oxidative stress induced by UVA on nucleotide excision repair [START_REF] Courdavault | Repair of the three main types of bipyrimidine DNA photoproducts in human keratinocytes exposed to UVB and UVA radiations[END_REF][START_REF] Guven | Oxidative damage to RPA limits the nucleotide excision repair capacity of human cells[END_REF][START_REF] Karran | Protein oxidation, UVA and human DNA repair[END_REF][START_REF] Kimeswenger | UVA1 impairs the repair of UVB-induced DNA damage in normal human melanocytes[END_REF][START_REF] Montaner | Reactive oxygen-mediated damage to a human DNA replication and repair protein[END_REF]Mouret et al., 2006). However, the contribution of the strong loss of cell viability in NHK exposed to 1 μM B[a] P and then to 2 MED SSL is likely to be much more predominant.

A major contribution of photosensitization in our present observations would explain why the effect of B[a]P is observed only when it is added to the NHK before irradiation and not after. Involvement of a photosensitization process could also explain our observations made at 0.1 μM B[a]P. Increased phototoxicity and decreased DNA repair activity was observed when, SSL was applied at 2 MED but not 0.1 MED. If B[a]P alone was responsible for these effects, the same observations should have been made, irrespective of the SSL dose. The underlying mechanism thus clearly requires interaction between B[a]P and SSL, like in photosensitization reactions. The observation that UVB did not exhibit the same effect as SSL is another clue for the major involvement of photosensitization. Indeed, UVB is applied in a much lower physical dose than SSL and is more weakly absorbed by B[a]P, the maximum of absorption of which is in the UVA range. Therefore, UVB is expected to less efficiently induce B[a]P-mediated photosensitized processes. Our observations are reminiscent of those made in fibroblasts, where the UVA1 portion of the UV spectrum was found to be responsible for the largest part of the phototoxic and photo-oxidative effects of irradiation in the presence of PAH [START_REF] Soeur | Photo-pollution stress in skin: traces of pollutants (PAH and particulate matter) impair redox homeostasis in keratinocytes exposed to UVA1[END_REF].

Conclusion

Our work provides additional evidence of the possible cutaneous impacts that PAH, even in low quantities, can have when exposed to sunlight. Comparison of different protocols and specific experiments allowed us to rule out a major contribution of the AhR factor. It rather seems that the observed increase in toxicity is a classical phototoxicity reaction mediated by photosensitized-oxidative stress. In terms of risk management, this implies that extensive cleaning of skin before exposure to sunlight is an efficient safety procedure, at least as far as phototoxicity is concerned. However, it should be kept in mind that we also provided evidence that exposure to UV, applied either before or after contamination, modulated the metabolism of PAH (Bourgart et al., 2019;[START_REF] Von Koschembahr | Solar simulated light exposure alters metabolization and genotoxicity induced by benzo[a] pyrene in human skin[END_REF]. The consequences of these observations in risk management have to be further explored.

Introduction

Glioblastoma multiforme is the most common type of primary brain cancer in adults and has a dismal prognosis. The median survival does not exceed one year despite an intensive palliative treatment consisting of a maximal safe surgical resection followed by extensive chemoradiotherapy. The radiation is typically delivered in 2 Gy fractions that, combined, reach a total dose of 60 Gy. [1,2] This corresponds to the maximum dose that can safely be delivered to prevent necrosis in healthy brain tissues, [3] yet it remains insufficient to adequately control tumor growth. In order to improve the clinical management of glioblastoma by radiotherapy, it is critical to improve the therapeutic window of radiotherapy by increasing the damage done to the tumor without increasing the overall dose delivered to the healthy tissues.

In recent years, a novel therapeutic strategy has emerged to better utilize radiation doses delivered to cancer tissues. This strategy relies on nanoscintillators, which are down-conversion nanoparticles that absorb X-rays and emit photons with energies ranging from the ultraviolet www.advancedsciencenews.com www.advancedscience.com to infrared. [4] These radioluminescent properties are interesting for biomedical applications, [5,6] such as the remote activation of photodynamic therapy (PDT). [7,8] Upon X-ray irradiation, nanoscintillators can transfer energy to nearby/conjugated photosensitizer molecules. [9,10] The excited photosensitizers subsequently engage in photochemical reactions that produce high amounts of reactive oxygen species, which can induce severe cytotoxicity in cancer tissues. [11,12] Because X-rays are not limited in terms of tissue penetration compared to visible light, radioluminescence-activated PDT has the potential to overcome the depth-limitation of conventional PDT. Recent proofof-concept studies using nanoscintillator-photosensitizer conjugates demonstrated that this combinatory approach has a strong therapeutic potential in vitro and in vivo. [13-24] Biomedical applications of nanoscintillators are currently mostly centered on this concept of radioluminescence-induced PDT. However, factors by which nanoscintillators can augment radiotherapy outcomes also include a potential synergism with radiotherapy [25] and the use of nanoscintillators that emit UV-C photons to expand the amount and types of DNA damage induced during radiotherapy. [26-28] However, translational studies of nanoscintillators for radiotherapeutic applications are challenged by the lack of biosafety and toxicity profiles. Moreover, the aforementioned proof-ofconcept studies have almost exclusively been performed on nude mice carrying subcutaneous xenografts, and thus carry limited clinical relevance. One exception is the evaluation of radioluminescence induced-PDT on an orthotopic lung cancer model. [20] This study was the first one to demonstrate the ability of nanoscintillators to induce radioluminescence-induced PDT in deep-seated tumor. Most importantly however, remains the uncertainty about the exact therapeutic mechanisms by which augmented radiotherapeutic outcomes are achieved.

It has been demonstrated that the radioluminescence-yield of nanoscintillators can only enable low-dose PDT, [29-32] which hints toward the existence of other non-negligible therapeutic contributions of the nanoscintillators to explain the promising reported efficacies. First and foremost, as nanoscintillators are often composed of high-Z elements, we hypothesize that a radiation dose- enhancement effect exists when these materials are used for radiotherapeutic applications. The radiation dose-enhancement effect occurs as high-Z elements absorb orthovoltage X-rays (<250 keV) more efficiently than tissues through photoelectric effect, which generates photo-and Auger electrons. These electrons locally enhance the energy deposited in the vicinity of the high-Z elements, [33,34] thereby increasing the extent of DNA damage induced by radiotherapy alone. [35] This effect was first reported with iodine-based contrast agents that showed enhanced cytotoxicity during X-ray imaging protocols. [36] The first in vitro studies performed on iodinated agents demonstrated an important role of the X-ray energy, as the radiation dose-enhancement effect only occurred in the orthovoltage range, and is driven by the photoelectric interactions. [33,37-42] However, as these molecular contrast agents exhibit low tumor retention because of a rapid clearance, high-Z elements microparticles [42] and nanoparticles [43] have gained interest. As demonstrated by Monte Carlo simulations, nanoparticles efficiently absorb X-rays and locally enhance the dose delivered in their close surroundings. [29,44,45] A seminal study by Hainfeld et al. reported the prolonged control of subcutaneous tumors by intravenously injecting mice with gold nanoparticles, followed by 250 kVp radiation therapy. [46] Many subsequent studies demonstrated physical, chemical, or biological effects of high-Z nanoparticles upon X-ray irradiations. [43] Recent studies have elucidated that nanoscintillatorphotosensitizer conjugates can realize both radiotherapeutic and photodynamic effects upon X-ray radiation, and can act as radiosensitizers. [47,48] However, whether, and to which extent, nanoscintillators can achieve a radiation dose-enhancement effect remains uninvestigated. Therefore, prior to undertaking further translational studies toward radioluminescence-activated PDT and UV-C radioluminescence induced DNA damage, it is crucial to first determine whether nanoscintillators induce a radiation dose-enhancement effect and unravel the complete therapeutic mechanisms associated to nanoscintillators and their radiotherapeutic properties. Consequently, this will be critical to optimize the design of nanoconjugates for further studies on radioluminescence-induced PDT, as well as of nanoscintillators developed to potentiate radiotherapy by UV-C radioluminescence.

In this paper, we present a comprehensive study of the ability of LaF 3 :Ce nanoscintillators to induce a radiation doseenhancement effect. Because their emission does not overlap the absorption of DNA, only the radiation dose-enhancement is expected. In addition, LaF 3 :Ce nanoscintillators have been previously used to excite, upon X-ray irradiation, two clinically used photosensitizers, [10,16] making it an excellent model material for this study. The radiation dose-enhancement effect of LaF 3 :Ce was first investigated by custom-written Geant4-based Monte Carlo simulations. Subsequently, two different 3D models of glioblastoma were used to study LaF 3 :Ce uptake and localization with state-of-the-art 3D X-ray fluorescence microtomography, whereas toxicity and radiotherapy efficacies were quantified by multiparametric assessment of the treatment effects on these in vitro models. Second, we evaluated the safety, toxicity, and radiotherapy enhancement in an aggressive syngeneic in vivo model of orthotopic glioblastoma. Throughout the study, radiation therapy was performed with orthovoltage (keV) monochromatic www.advancedsciencenews.com www.advancedscience.com X-rays delivered by a synchrotron radiation source, which offers the unique opportunity to investigate the underlying mechanisms responsible for the therapeutic efficacy and to unequivocally identify the existence of a dose-enhancement effect.

Results and Discussion

Synthesis and Characterization of LaF 3 :Ce Nanoscintillators

LaF 3 :Ce is a luminescent material exhibiting wellcharacterized scintillating properties (for single crystal, light yield ≈2200 photons.MeV -1 ; main decay time:≈26 ns). [49] When doping the LaF 3 crystal lattice with Ce, the intermittent La-Ce substitutions are responsible for the radioluminescence emission. The emission band is composed of two peaks (285 and 305 nm), which correspond to the standard 5d (Ce 3+ ) → 4f (Ce 3+ ) radiative transitions between the lowest excited level of Ce 3+ and its ground level, split by the spin-orbit coupling. [50] This transition is insufficient to produce photons with energy higher than approximately 280 nm. Therefore, it should be noted that LaF 3 :Ce does not emit in the UV-C, so radioluminescenceinduced DNA damage by these particles will not occur. In addition, a third peak appears at 340 nm and is attributed to perturbed Ce 3+ sites, regularly reported in crystals and in nanostructures. [51,52] For radiotherapeutic applications, near-UV emission is advantageous, as these emission peaks overlap with the absorption of chlorin or porphyrin photosensitizers. Therefore, LaF 3 :Ce nanoparticles are ideally suited for conjugation to such photosensitizers and enable radioluminescence-activated photodynamic therapy. [10,16] As both La (Z = 57) and Ce (Z = 58) are high-Z elements, combined with the lack of UV-C emission, LaF 3 :Ce particles are ideal candidates to investigate the sole role of a potential radiation dose-enhancement effect induced during radiotherapy.

LaF 3 :Ce nanoparticles composed of 10% Ce and 90% La were synthesized using a solvothermal process (Figure 1A). LaF 3 :Ce nanoscintillators were then coated with triphosphate (TPP) to provide stability and dispersibility in aqueous solvents, and thus to render them biocompatible. The X-ray diffraction pattern (Figure 1B) shows that all the reflections well match the trigonal tysonite LaF 3 crystal structure (reference JCPDS 32-0483), with a broadening of the diffraction lines due to the small size of the particles. The TPP coating was confirmed by Fourier transformed infrared attenuated total reflectance spectroscopy (Figure 1C and further detailed in Section S1, Supporting Information). Quantitative elemental analyses by inductively coupled plasma-optical emission spectroscopy provides a La/Ce ratio of 9.07, confirming the intended composition of the nanoscintillators. The (La + Ce)/P ratio was equal to 1.86, thereby validating the presence of the TPP coating. The size and shape of the core of the nanoparticles were assessed using transmission electron microscopy (TEM), demonstrating that the wellcrystallized and well-dispersed nanoparticles exhibit a platelet shape of approximately 10 nm wide and about 5 nm thick, for an average diameter of 8 nm (Figure 1E). This was corroborated by dynamic light scattering analysis, which determined the hydrodynamic diameter of the LaF 3 :Ce@TPP nanoparti-cles at about 10 nm with a low polydispersity index of 0.12 (Figure 1D).

Subsequently, the optical properties of the LaF 3 :Ce nanoscintillators were investigated. Upon 214 nm excitation, we measured the photoluminescence emission of LaF 3 :Ce (Figure 1F). The emission maximum was at 340 nm, which corresponds to the emission of Ce ions located in perturbed sites. The scintillating properties of the LaF 3 :Ce particles were confirmed by radioluminescence measurements, displaying a strong emission upon X-ray excitation (33 kVp) peaking at 310 nm, which corresponds to the regular emission of Ce (Figure 1G). An elaborate discussion on the difference between the photo-and radioluminescence spectra is provided in the Section S2, Supporting Information. The characterization of the chemical, photo-, and radio-luminescent properties indicate that we successfully synthesized LaF 3 :Ce@TPP nanoscintillators, which will be referred to as LaF 3 :Ce from this point onward.

In Silico Simulations Reveal the Ability of LaF 3 :Ce Nanoscintillators to Induce a Radiation Dose-Enhancement Effect

We first evaluated the theoretical radiation dose-enhancement expected from pure LaF 3 :Ce relative to soft tissues. Figure 2A represents the mass energy-absorption coefficient of LaF 3 :Ce and soft tissues as a function of the X-ray energy. [53] The relative absorption of LaF 3 :Ce compared to soft tissues was calculated by dividing these two spectra (Figure 2B). At an energy of 50 keV, the dose deposition in presence of LaF 3 :Ce is 107.2 times higher compared to soft tissue alone. For 30 and 80 keV, this ratio reaches 42.2 and 70.7, respectively. This indicates that an X-ray energy of 50 keV is likely to induce the highest radiation dose-enhancement effect. A more detailed explanation is provided is Section S3, Supporting Information. To further investigate the effects of the irradiation energy, we performed Monte Carlo simulations with monochromatic 30, 50, and 80 keV X-rays, using Geant4. [54] When an X-ray photon interacts with matter, several processes can occur with a probability that is directly related to the photon energy. For orthovoltage X-rays, photoelectric and Compton interactions are the two effects likely to be observed. The Geant4 simulations demonstrate that photoelectric effect occurs at 98.4%, 98.8%, and 95.9% of the interactions in LaF 3 :Ce for X-rays of 30, 50, and 80 keV, respectively. In contrast, photoelectric interactions only occur at 44.1%, 12.8%, and 3.2% in water for X-rays of 30, 50, and 80 keV, respectively (Figure 2D,G,J). The spectra of the electrons generated in LaF 3 :Ce and in water after the primary interactions are represented in Figure 2E,F,H,I,K,L. The electron spectra depict that three types of electrons are generated upon interaction with orthovoltage X-rays. First, photoelectrons are emitted with an energy spectrum defined by E photoelectron = E X-ray -E binding , for which the binding energies are provided in Figure 2C. [55] Second, Auger electrons are generated with energies that depend on the intercrossing mechanisms. Their energies are therefore related to the energies of the K-, L-, and M-shells of the material. Finally, Compton electrons are emitted with an energy that forms a continuous spectrum, as defined by the Compton scattering formula. The spectra of the secondary photons are represented in Figure S1, Supporting Information. These secondary photons are generated by two mechanisms. First, Compton scattering generates photons with a continuous spectrum. Second, X-ray fluorescence emission occurs, of which the photon energy relates to the energy difference between the involved energy levels.

The radiation dose-enhancement effect mostly comes from the contribution of the photoelectrons and to a lower extent to the Auger electrons that are extensively produced in LaF 3 :Ce compared to water (i.e., soft tissues). These secondary electrons have energies that, when traveling beyond the boundaries of the nanoparticles, [29] will grant them a mean free path of up to a few tens of micrometers in tissues. Because these migration distances exceed the size of a single cell, the radiation doseenhancement effect not only affects the cells that incorporated the nanoparticles but may also impact cells located more distal from the nanoparticles. Altogether, these results indicate that the radiation dose-enhancement effect will be maximized at 50 keV as the ratio between the absorption of the LaF 3 :Ce and soft tissues is highest at this energy. It is also the energy that leads to more photoelectric interactions in LaF 3 :Ce compared to tissues, generating many photoelectrons that will travel up to 100 µm in tissues and create damage in a wide perimeter around the nanoparticles. Moreover, these results indicate that quantifying the biological responses obtained with monochromatic radiotherapy delivered at www.advancedsciencenews.com www.advancedscience.com Figure 2. In silico simulations of the interactions between orthovoltage X-ray photons and LaF 3 :Ce. A) Mass energy absorption coefficients as a function of the X-ray energy for LaF 3 :Ce and soft tissues. Data obtained from. [53] B) Ratio between the mass energy-absorption coefficient of LaF 3 :Ce and soft tissues. Dashed lines are plotted as eye-guidance at 30 keV, 50 keV, 80 keV and 6 MeV. C) Energies of the K-, L-, and M-edges for the La. D-L) Simulations of interactions between X-ray photons and LaF 3 :Ce or water. Panels (D), (E), and (F) are obtained for 30 keV X-rays, panels (G-I) for 50 keV photons, and panels (J-L) for 80 keV photons. For each X-ray energy, the percentage of interactions occurring through photoelectric or Compton effects are indicated in panels (D), (G), and (J). (E,F), (H,I), and (K,L) Spectra of Compton, Auger and photo electrons generated after the interaction between an X-ray photon and LaF 3 :Ce (E,H, and K) or water (F,I, and L).

30, 50, and 80 keV will provide key evidence on whether LaF 3 :Ce induce a radiation dose-enhancement effect. These Monte Carlo simulations provide encouraging results to further study the radiation dose-enhancement effect induced by LaF 3 :Ce nanoparticles in vitro and in vivo.

LaF 3 :Ce Are Well-Tolerated up to 1 mg mL -1 in Glioblastoma Spheroids

The radiation dose-enhancement effect is most effective with high intratumor concentrations of high-Z elements, [35] To investigate the uptake and distribution of LaF 3 :Ce nanoscintillators in glioblastoma spheroids, we performed 3D-resolved X-ray fluorescence microtomography. Whereas this technique has been used for 2D elemental imaging in spheroids, [64] this study is the first to report the use of this innovative microtomography method for 3D/spatially resolved elemental imaging on spheroids. Quantitative 3D-maps were reconstructed for glioblastoma spheroids that were previously incubated with 0.1 mg mL -1 LaF 3 :Ce nanoparticles for 24 h prior to imaging (Figure 3E-H and Figure S2E-H, Supporting Information, for F98 and U-87 MG, respectively). Zinc is a physiological element distributed within the cells and more particularly throughout the nuclear region, thus enabling the delineation of the shape and volume of the multicellular tumor spheroids.

The concentration of La was measured throughout the entire spheroid to localize the nanoscintillators. Microtomography imaging revealed that the nanoparticles accumulate more in the U-87 MG spheroids than in the F98 spheroids as the average concentrations of LaF 3 :Ce reached approximately 16.0 mg mL -1 versus 25.0 mg mL -1 for F98 and U-87 MG, respectively (Figure 3D; Figure S2D, Supporting Information). This data corresponds to a 160-and 250-fold concentration of the initial 0.1 mg mL -1 suspension of LaF 3 :Ce nanoparticles within the spheroids. The differences observed between the two cell lines may be explained by the morphological differences between the two types of spheroids: the F98 spheroids are more compact compared to U-87 MG spheroids, which may have limited the diffusion of the nanoparticles. However, in both cases, the accumulation of LaF 3 :Ce nanoparticles reaches values that largely exceed 1 mg mL -1 , which is typically estimated as the minimal concentration necessary to induce a significant dose-enhancement effect. [35] 

LaF 3 :Ce Nanoscintillators Enhance Radiotherapy Efficacy In Vitro through a Radiation Dose-Enhancement Effect

We next investigated the capacity of the LaF 3 :Ce nanoscintillators to augment radiotherapy efficacy in vitro. F98 and U-87 MG glioblastoma spheroids were established and incubated for 24 h with 0.1 mg mL -1 LaF 3 :Ce nanoscintillators; these parameters previously allowed us to achieve sufficient intracellular LaF 3 :Ce concentrations to enable a potential radiation dose-enhancement effect, while being non-toxic for spheroids (Figure 3; Figure S2, Supporting Information). After incubation, the spheroids were washed to remove unbound LaF 3 :Ce, and were immediately treated with monochromatic synchrotron radiotherapy. In F98 spheroids, 50 keV monochromatic synchrotron radiation induced a dose-dependent growth inhibition (Figure 4A-C), which was minimally influenced by the presence of LaF 3 :Ce. As the treatment effects appeared to be static from day 10 onwards, this time point was selected to further investigate the state of the spheroid cultures. A dose-dependent increase in F98 spheroid necrosis was observed, which was significantly higher in spheroids containing LaF 3 :Ce (Figure 4B,D). To verify whether this increase is related to a radiation dose-enhancement effect induced by the presence of high-Z elements in the spheroids, we separately irradiated the spheroids with 4 Gy monochromatic synchrotron radiation at either 30, 50, and 80 keV, which correspond to energies below, centered, and above the maximum absorption difference with soft tissues (Figure 2B). [29,53] Although there were significant increases in spheroid necrosis in presence of LaF 3 :Ce at 30 and 80 keV, relative to their control groups, the highest elevation in spheroid necrosis was observed at 50 keV (Figure 4E).

In U-87 MG spheroids, a similar radiation dose-dependent inhibition of spheroid growth was observed following 50 keV monochromatic synchrotron radiation (Figure S3, Supporting Information). We additionally observed that in the presence of LaF 3 :Ce, there was a significant elevation in spheroid necrosis (Figure S3D, Supporting Information) and reduction in spheroid sizes (Figure S3E, Supporting Information), in comparison to radiotherapy alone. By irradiating the U-87 MG spheroids with 4 Gy delivered at either 30, 50, or 80 keV (Figure S3F-H, Supporting Information), a radiation dose-enhancement effect by LaF 3 :Ce was observed, as well as an elevation in spheroid necrosis (Figure S3G, Supporting Information) and a reduction in spheroid area (Figure S3H, Supporting Information). Taken together, our findings indicate that LaF 3 :Ce nanoscintillators can significantly amplify radiotherapy efficacies in glioblastoma spheroids derived from two distinct radioresistant cell lines. Furthermore, the results indicate that these effects can be attributed, in part, to a radiation dose-enhancement effect. Supported by our simulations (Figure 2), high-Z elements increase the photoelectric absorption of the incoming X-rays, which leads to an over-production of photo-and Auger electrons that increase the extent of cell damage, culminating in higher degrees of necrosis.

Altogether, these findings provide compelling evidence for the potential of LaF 3 :Ce nanoscintillators to enhance the efficacy of radiation therapy through a radiation dose-enhancement effect, encouraging further in vivo investigations.

LaF 3 :Ce Nanoscintillators Can Be Safely Administered to Healthy Rats

To identify maximum tolerable doses of LaF 3 :Ce nanoscintillators in vivo, we performed dose-escalation studies for two clinically relevant injection routes in healthy rats. Intravenous (iv) injection was selected as it is easily implemented experimentally and has translational value. However, it remains challenging to accumulate large amounts of nanoparticles in the brain via this administration route because of the blood-brain barrier, despite that it may be partially disrupted in the presence of brain tumors. [65] Therefore, we additionally evaluated the intracerebral delivery of the nanoparticles through a convection-enhanced delivery (CED) injection. Intracerebral CED refers to a slow injection of the compound directly in the tumor mass by creating a pressure gradient at the tip of the injection syringe. This pressure is created by an infusion pump connected to the syringe. [66] This technique is clinically investigated and is a valuable alternative to deliver therapeutics directly into the brain and circumvent the blood-brain barrier. [66] In our protocol, the intracerebral CED injection was performed in the right caudate nucleus, at similar www.advancedsciencenews.com www.advancedscience.com stereotactic coordinates where tumors will be implanted for radiotherapy experiments.

Our findings are detailed in Figure 5, Figure S4, Supporting Information, and in Section S6, Supporting Information. In summary, CED injection of LaF 3 :Ce was safe and well-tolerated up to 9.6 mg kg -1 body weight (bw), with no noticeable retention in the liver, kidney, or spleen. As for iv injection, LaF 3 :Ce nanoscintillators were lethal at concentrations exceeding 168 mg kg -1 bw. Although LaF 3 :Ce was retained in the kidneys, liver, and spleen following iv injection, no long-term toxicity was observed. These results are encouraging to further investigate the biodistribution of LaF 3 :Ce in rat bearing glioblastoma.

Determination of the Optimal Injection-to-Irradiation Delay and Kinetics of Elimination

Upon determining safe doses for intracerebral CED and iv administration, we next investigated the tumor accumulation and retention of LaF 3 :Ce in vivo. We chose a syngeneic rat model of orthotopic glioblastoma: the F98 model. LaF 3 :Ce were injected 14 days after F98-tumor inoculation in Fischer rats, when tumors typically reach approximately 3 mm in diameter (Figure 6A). [67] Our findings are detailed in Figure 6; Figure S5, Supporting Information, and elaborately discussed in Section S7, Supporting Information. In summary, the results indicate that a 30 min injection-to-irradiation delay achieves the highest tumor accumulation of LaF 3 :Ce for both CED and iv injection. We can additionally hypothesize that a potential radiation dose-enhancement effect is most likely to be achieved with CED injections, as concentrations are sufficiently high in the range of 6.8-7.5 mg mL -1 . The nanoparticles remain in the brain for a prolonged period of time, which is interesting for a clinical translation, as the total radiation dose given to glioblastoma patients is usually fractionated. Therefore, a single injection of nanoparticles through CED could potentiate several fractions of radiotherapy given over an extended period of time (days-weeks). In contrast, LaF 3 :Ce tumor concentrations following iv injections reached only 0.2 mg mL -1 , which is unlikely to be sufficient to achieve a radiation dose-enhancement effect.

LaF 3 :Ce-Assisted Radiotherapy Improves Long-Term Survival in an Aggressive Syngeneic Rat Model of Orthotopic Glioblastoma

We next investigated whether LaF 3 :Ce could improve radiotherapy outcomes in vivo. The F98 model is highly appropriate as it involves animals with an intact immune system. It also recapitulates several important aspects of human glioblastoma such as its high invasiveness, its low immunogenicity, and its resistance to www.advancedsciencenews.com www.advancedscience.com many therapeutic modalities including radiation therapy. [61] This model is highly aggressive and was shown to systematically and reproducibly cause the death of the animals within 36 days after implantation of as few as 10 cells in the brain. [68] Therefore, an improvement, even minimal, on such an aggressive and clinically relevant model would bring hope for improving glioblastoma outcomes in patients. Regarding the treatment, the previously optimized parameters were applied: a 50 keV monochromatic beam to deliver the radiation, 30 min injection-to-irradiation delay for both the iv injection (150 mg kg -1 bw) and CED (4.3 mg kg -1 bw). A single fraction of 15 Gy was delivered, as we previously demonstrated that this dose increases the median survival by 77%, without curing the animals. In addition, a single fraction of 15 Gy is equivalent for healthy brain tissue to 60 Gy delivered in 30 fractions of 2 Gy, [69] which is the dose scheme conventionally used in clinic for glioblastoma. [70] Subjects that received no treatment uniformly reached a humane endpoint between 22-and 37-days post-implantation, showing a mean survival of 27.6 ± 3.9 days (Figure 7A; Figure S7A, Supporting Information, black curve).

With respect to iv administration of LaF 3 :Ce, no clear treatment benefit was observed in this aggressive model. Subjects receiving iv LaF 3 :Ce had a similar overall survival (29.0 ± 2.5 days, Figure S7A, Supporting Information, blue curve), as the control group. The combination of LaF 3 :Ce with 15 Gy radiotherapy achieved no survival benefit (43.8 ± 5.9 days), compared to radiotherapy alone (46.6 ± 6.6 days) (Figure S7A, Supporting Information) and induced a slight, yet non-significant decreased in the survival. A mild toxicity associated to the use the nanoscintillators combined with radiotherapy in these diseased animals may have contributed to the observed treatment effects, as discussed more elaborately in Section S10, Supporting Information. These findings suggest that approaches toward opening the blood-brain barrier are required to improve the accumulation of iv-injected nanoparticles in glioblastoma tissues.

For the intracerebral CED injection of LaF 3 :Ce nanoscintillators, the survival uniformly averaged at 25.7 ± 1.4 days postimplantation (Figure 7A, blue curve), which was not significantly different compared to the no-treatment group. The treatment outcomes of 15 Gy radiotherapy in subjects receiving intracerebral CED injection of LaF 3 :Ce nanoscintillators was much more irregular compared to 15 Gy radiotherapy alone. Although many animals performed worse in comparison to the group receiving radiotherapy alone, it was observed that 15% of the animals exhibited long term survival (Figure 7A, red curve). The weight of the long-term survivors evolved normally, and animals were sacrificed 129 days post-implantation without any signs of disease or discomfort (Figure 7B). Histological analysis confirmed that the brains of the long-term survivors were tumor-free upon euthanasia (Figure 7H). In contrast, animals that died at early time points (26 days post-implantation for the control and CED only groups and 46 and 34 days for the radiotherapy and CED + radiotherapy group, respectively) carried large tumors at autopsy (Figure 7D-G). Elemental analysis with laser induced breakdown spectroscopy (LIBS) qualitatively shows the presence of both La and Ce in the autopsied brain of long-term survivor (115 days post-injection) (Figure 7I), as well as in the brain tissues of all CED-treated animals (Figure S6, Supporting Information). The two long-term survivors showed no measurable amount of La in the kidney, liver or spleen (Figure 7J), which indicates that the low amounts of La present in these organs at 30 min and 24 h after CED were eliminated within 115 days.

The presence of long-term survivors following CED + 15 Gy was highly encouraging given the reproducible and uniform behavior of this aggressive model throughout this study and as reported previously. [68] 2.9. Improved Survival Following Radiotherapy Correlates with the Degree of Overlap between LaF 3 :Ce Localization and Tumor Volumes These promising findings regarding LaF 3 :Ce radiation doseenhancement prompted us to further investigate the causes of pre-emptive mortality in this treatment group. By matching the tumor volumes outlined on magnetic resonance imaging (MRI) images acquired on day 12 with the distribution of the nanoparticles on the computed tomography (CT) images acquired on day 14, we discovered a negative correlation between the survival and the volume of tumor not covered by the nanoscintillators (Figure 7C). Thus, when the distribution of nanoparticles does not entirely cover the tumor volume, part of the tumor mass and the infiltrating cells that are often identified as a cause of relapse will not be properly treated, which negatively affects the survival. Contrariwise, the nanoparticles distributed outside of the tumor volume may also have a harmful effect by inducing an inadequate delineation of the treated area leading to healthy tissue destruction. A comparable observation was made for PDT by Rocha et al., who reported cancer recurrence and a poor improvement of the survival if the tumor irradiation was performed with too narrow margins. Less intuitively, when too wide tumor margins were irradiated, early deaths were reported due to healthy tissue damage. Only after careful optimization of the treated tumor margins, a significant long-term survival benefit was observed. [71] Our findings provided compelling proof-of-concept that LaF 3 :Ce nanoscintillators can induce radiation doseenhancement in vivo. When administered by intracerebral CED, LaF 3 :Ce nanoscintillators could augment radiotherapy efficacy in vivo, achieving complete tumor remission and long-term survival in 15% of the subjects. These findings are highly encouraging given the aggressive nature of the F98 tumors and its resemblance to the human pathology.

To further increase the survival rates with LaF 3 :Ce-enhanced radiotherapy, the nanoscintillators are required to completely cover the tumor volume with high specificity. Whereas intracerebral CED can achieve elevated concentrations of the high-Z element nanoparticles, it is not ideally suited to achieve a perfect tumor overlap, as observed here and reported previously. [72] Although intravenous administration of the LaF 3 :Ce nanoscintillators may be better suited to achieve specific tumor accumulation, new strategies are required to elevate the permeability of the blood-brain barrier at the cancer site. Recently, an innovative approach using ultrasound was clinically demonstrated successful at temporary opening the blood-brain barrier to improve the accumulation of intravenously injected chemotherapeutics at the tumor site. [73] When combined with such technical innovations, high-Z element nanoscintillators may prove to be highly valuable for enhancing the focal damage of radiotherapy in glioblastoma and other radioresistant cancers. The findings of this study have various implications for the development of new nanoscintillators and their biomedical applications. First, as radiation dose-enhancement is a purely physical effect that is related to the presence of high-Z elements in materials, it can be simulated in silico, and the radiotherapeutic effects can thus be estimated. Such investigations can be used to optimize the elemental composition of novel nanoscintillators. For example, whereas LaF 3 :Ce was chosen as a model material for this study as it is able to excite several clinically used photosensitizers, nanoscintillators composed of higher Z-elements may provide a stronger radiation doseenhancement effect. [29] Second, our findings reveal that the radiation dose-enhancement effect induced by rare earth composite www.advancedsciencenews.com www.advancedscience.com nanoscintillators is a significant radiotherapeutic mechanism. When tailoring new nanoscintillator-photosensitizer conjugates for radioluminescence-induced PDT, trade-offs may need to be made between the radiation dose-enhancement effect, the nanoscintillator light-yield, and the efficacy of the energy transfer occurring between the nanoscintillator and the photosensitizer. [9] Third, disease-specific nanoscintillator-photosensitizer nanoconjugates may be developed based on the genotypical and phenotypical sensitivity of the target cancer type to X-ray radiation-induced DNA damage, UV-induced DNA damage, and photodynamic therapy.

Last, this study compared the iv administration to CED in terms of toxicity, tumor uptake, and radiotherapy efficacy of the nanoscintillators. Our findings reveal that for glioblastoma, the CED achieves intratumor concentrations that enable a radiation dose-enhancement effect, whereas iv administration of nanoscintillators did not. Although efforts to better cover and confine the distribution of the nanoscintillators to the tumor volume are necessary, this administration route holds promise in the development of radioluminescence-activated PDT for glioblastoma. These findings suggest that approaches toward opening the blood-brain barrier are required to improve the accumulation of iv-injected nanoparticles in glioblastoma tissues.

Conclusion

In conclusion, our findings elucidate three critical points regarding the use of rare-earth composite nanoscintillators for radiation therapy. First, we discovered that rare-earth composite nanoscintillators can induce a potent radiation dose-enhancement effect, capable of improving radiotherapy outcomes in an aggressive preclinical model of glioblastoma. Further improvement of the selectivity and specificity of the nanoscintillators for tumor cells is crucial to eliminate the treatment-induced lethality and maximize the therapeutic benefit in a highly focal manner. Second, this radiation dose-enhancement effect needs to be considered when designing and evaluating novel scintillating nanoparticles for radiotherapeutic applications. The therapeutic contributions of these photochemical and physical radiotherapeutic effects may be comparable and potentially mechanistically synergistic. Finally, our findings also point out the critical need of using < 250 keV, orthovoltage X-rays when investigating radiotherapeutic applications of nanoscintillators, as both the radiation dose-enhancement effect and the photochemical effects will benefit from low energy X-rays. [29,74] Synchrotron radiation has been safely used in a recent clinical trial to deliver 80 keV monochromatic radiation for the treatment of humans with brain tumors. [75] Alternatively, brachytherapy can be considered for the internal delivery of kilovoltage X-rays. These emerging technical and clinical innovations illuminate a bright future for radiotherapeutic contributions of rare-earth composite nanoscintillators in cancer therapy.

Experimental Section

Synthesis of Aqueous Colloidal Suspensions of Cerium Doped LaF 3 Nanoparticles (La 0.9 Ce 0.1 F 3 ): In a typical synthesis, 10.36 g (27,9 mmol) of lanthanum (III) chloride heptahydrate (LaCl 3 .7H 2 O, Aldrich) and 1.16 g (3.1 mmol) of cerium (III) chloride heptahydrate (CeCl 3 .7H 2 O, Aldrich) were dissolved in 23 mL of methanol (solution 1). A second solution was prepared by mixing 2.82 g (69.7 mmol) of hydrofluoric acid (49.5 wt% in H 2 O, Aldrich) with 124 mL of 2-pyrrolidinone (solution 2). Thereafter, solution 1 was quickly added to solution 2 while stirring with the aid of a magnetic stirrer. After stirring for a few minutes, a light-yellow transparent solution was obtained. The reaction medium was then transferred into a Teflon-lined stainless-steel autoclave (Berghof, DAB-3, inner volume: approximately 210 mL). The pressure vessel was sealed, heated to 170 °C, and held at that temperature for a period of 1 h while keeping the reaction medium under stirring. After cooling down, the reaction crude obtained was introduced into approximately 160 mL of acetone. The precipitation of La 0.9 Ce 0.1 F 3 nanoparticles was immediate and complete in the form of brownish flakes. These were isolated by centrifugation. The supernatant was carefully removed and the brown pellet was resuspended in methanol with the aid of ultrasound and then centrifuged. This washing process was repeated twice. Finally, the brown precipitate was dispersed in deionized water so as to obtain a slightly brown transparent colloidal solution with a dry extract of 10%.

The functionalization of the nanoparticles with phosphate molecules was carried out using the colloidal solution prepared in the previous step. A solution of pentabasic sodium triphosphate (2.31 g in 25 mL of deionized water) was added to the solution of nanoparticles under very vigorous stirring. The initially transparent solution quickly clouded with an increase in its viscosity. The resulting solution was stirred overnight at room temperature. The purification of the functionalized nanoparticles was carried out by precipitation in ethanol and centrifugation, repeated twice. This step made it possible to get rid of the surface molecules resulting from the degradation of the solvent. Finally, the resulting, very slightly colored centrifuging pellet was dispersed in phosphate buffered saline (PBS), with a final solid content of 1.54%.

Nanoparticle Characterizations: TEM was performed on a JEOL JEM 2100 system operating at an acceleration voltage of 200 kV. Diluted nanoparticle suspensions were placed onto carbon-coated copper grids and dried at room temperature. X-ray powder diffraction pattern was recorded in the range of 10°≤ 2q ≤ 70°using an Empyrean diffractometer (Malvern Panalytical; CuK𝛼 radiation). Fourier transform infrared analysis of the samples was performed using a PerkinElmer spectrophotometer (Spectrum 65 FTIR) equipped with an attenuated total reflectance sample chamber. The hydrodynamic diameter of the nanoparticles in suspension was measured using a Zetasizer Nano ZS (Malvern Panalytical). Chemical component analysis of nanoparticles was performed by inductively coupled plasma-optical emission spectrometry technique (ACTIVA, Horiba Jobin Yvon). This technique has also been used to calculate the concentration of the nanoparticles in suspension.

Photoluminescence and Radioluminescence Measurements: The photoluminescence spectrum was measured upon a 214 nm excitation delivered by a pulsed laser-driven light source filtered by a Jobin Yvon Gemini 180 monochromator. The light emitted from the sample was collected by an optical fiber connected to a Jobin-Yvon TRIAX320 monochromator (300 lines.mm -1 grating blazed at 250 nm) equipped with a cooled CCD camera. At the entrance of the monochromator, a band-pass filter (240-395 nm) was installed to remove the excitation light. The radioluminescence spectrum was measured upon X-ray excitation delivered by an X-ray generator producing Bremsstrahlung X-rays (Inel XRG 3000) from accelerated electrons (30 mA-33 kV) bombarding a tungsten anode. The scintillation spectrum was acquired using an Andor Newton EM-CCD camera (DU970P-UVB) coupled to a SR500i-D2 monochromator (Andor, 149 lines.mm -1 grating blazed at 300 nm). The radioluminescence spectra was measured using a polychromatic X-ray source. However, no difference is expected compared to using a monochromatic beam. [76] Radioluminescent spectra of doped materials such as LaF 3 :Ce mostly depend on the activator ions that act as emission centers, here Ce 3+ . Modifying the excitation energy only alters the spatial distribution of the charges generated in the material after the absorption of the primary ionizing radiation. After various energy transfer steps, a fraction of these charges reaches the emission centers and induces radioluminescence emission. Therefore, Table 1. Experimental conditions used for the seven treated groups. Spatially Resolved X-Ray Fluorescence Imaging on Spheroids: The spheroid cultures (F98 or U-87 MG) were incubated with 0.1 mg mL -1 LaF 3 :Ce on culture day 2. After 24 h of incubation, unbound nanoscintillators were washed away: 180 µL was removed from each well and 200 µL of PBS was added and subsequently removed. Spheroids were fixed in 150 µL of 4% paraformaldehyde prepared in OPTIMA water for ultra-low trace metal analysis (Fisher Scientific, UK). After 20 min of fixation, the spheroids were washed twice with 200 µL of OPTIMA water. The spheroids were harvested from the well using a large orifice pipette tip and deposited on a glass coverslip. The spheroids were then glued to 200 µm diameter quartz capillaries under a microscope and kept under ambient conditions for several days before imaging. The X-ray fluorescence tomography imaging was performed on the P06 beamline of the German synchrotron PETRA III, Hamburg. The spheroids were imaged using a 1 × 1 µm 2 beam spot with an energy tuned at 14 keV and the X-ray fluorescence was recorded using a Maia 384-C detector mounted in backscattering geometry at the microfocus end-station of the beamline. [78] In order to reconstruct the final 3D image of the spheroids, 120 projections were acquired over a rotation between 0°and 360°. Tomographic reconstruction was performed using a maximum-likelihood expectation-maximization algorithm. [79] The resolution was 2 µm.pixel -1 and the acquisition time was fixed at 2 ms.pixel -1 . The general structure of the spheroid was reconstructed using the prolific zinc present in cells; the amount of lanthanum was quantitatively measured using the tools included in the GeoPIXE software package. [80] Assessment of the LaF 3 :Ce Toxicity In Vivo: All animal experiments were performed in accordance with national legislation, and with the approval of the institutional and national ("Ministère de l'Enseignement Supérieure et de la Recherche") animal ethics committees (APAFIS #2016060114324507). A dose-escalation study was performed to identify the highest concentrations of LaF 3 :Ce nanoparticles in suspension that can be safely administered to healthy rats by either CED or iv injections. Seven groups of healthy Fischer rats of approximately 6 weeks-old (average weight: 208 g) were randomly formed as described in Table 1.

Group

Mode of administration

As this concerned an exploratory study, a minimal sample size of N = 3 rats/group was included. Before injection, the anesthesia was initiated using 4% isoflurane and maintained via intraperitoneal injection of a ketamine (80 mg kg -1 bw)/xylazine (10 mg kg -1 bw) cocktail prepared in sterile water. An ophthalmic ointment (Ocry-gel 10 g, TVM-lab) was applied in each eye to prevent corneal dehydration during the surgical procedure. The iv injections were performed via the tail vein using an iv catheter (Becton Dickinson Insyte-N 24G yellow). For the CED injection, the surgery was performed using a stereotactic headframe (David Kopf instruments, Tujunga, California) on which a heating pad was installed to prevent body temperature loss. The nanoparticles were injected into the right caudate nucleus using a Hamilton syringe (1702 RN, 32/25 mm/4): A skin incision was made, the skull was exposed and a burr hole was drilled 3.5 mm to the right of the bregma. The needle was first taken down to 6 mm deep www.advancedsciencenews.com www.advancedscience.com tical position. A single 15 Gy dose was delivered to the tumor location 14 days after implantation, using monochromatic 50 keV X-rays (50-eV energy bandwidth). [84] CT of the rat head was first acquired, as described in the previous subsection, to locate the right cerebral hemisphere. The targeted volume was centered on the rotation axis of the irradiation system, and the beam was shaped to 10 mm-width and 1 mm-height. The X-ray dose rate was measured using an ion chamber (UNIDOS PTW 31 002, Freiburg, Germany) and the number of scans required to deliver the total dose to the tumor was calculated assuming that the tumor is surrounded by 1.5 cm of equivalent tissue. Half of the radiation dose was delivered along a first incidence by scanning the animal vertically through the Xray beam. The rat was then rotated by 90°to receive the second half of the treatment. The final irradiated target volume encompassed a cube of 10 × 10 × 10 mm 3 .

Euthanasia and Organ Collection: All the animals were euthanized by an intracardiac injection of dolethal (Vétoquinol) performed under 4% isoflurane anesthesia. After euthanasia, the organs were collected (brain, liver, kidneys, and spleen depending on the experiments). Livers, kidneys, and spleens were frozen at -80 °C, whereas the brains were frozen by immersion in cold liquid isopentane and then stored at -80 °C.

LIBS Imaging: LIBS elemental imaging (ILM Lyon and Ablatom SAS, France) was performed on cryosections analyzed at room temperature, using a setup previously described. [87] The optical-imaging system was equipped with a laser injection line and a 3D motorized platform for sample positioning. The laser used was a Nd:YAG 1064 nm with 8 ns pulses and a frequency of 100 Hz. The measurements were performed under 1.5 L.min -1 argon gas with accurate control of the focal distance between the objective and the sample. Images were acquired with a 25 µm resolution, using single shot mode. The light emitted by the plasma was guided by optical fibers through two successive Czerny-Turner spectrometers (600 lines.mm -1 grating blazed at 412 nm and 1800 lines.mm -1 grating blazed at 213 nm) and was finally collected by an intensified chargecoupled device (I-CCD) camera (Shamrock 505 and Shamrock 303, Andor Technology). The I-CCD camera was synchronized with the laser and the spectrum was acquired with a delay of 700 ns after the laser pulse, a gate of 5 µs and a gain of 1500. The widths of the entrance slit of the two spectrometers were set to 35 µm and 50 µm, respectively, leading to a spectral resolution of 0.15 nm. The acquisition and data analysis were performed using a custom-developed LabVIEW software.
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 1 Figure 1.The time scale of the different phases and effects of radiotherapy.
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 3 Figure 3. The 4 R's principles of radiation biology explained by Pajonk et al. (2010) (A) Repair: DNA double-strand breaks after exposure to ionizing radiation are mainly repaired by nonhomologous end joining (NHEJ). It involves their recognition, the recruitment, and the activation of different proteins to rejoin the ends. (B) Redistribution: cells show different levels of radioresistance during the different phases of the cell cycle. They are more resistant in the S-phase, and more sensitive in the G2/M-phase.(C) Repopulation: normal and malignant stem cells can perform asymmetric cell division, which gives rise to a daughter stem cell and a progenitor cell. In symmetric cell divisions, the division gives place to two committed progenitor cells or two daughter stem cells. Small changes in the way of stem cells division strongly affect the organization of the tissue or the tumor. If only 1% of the stem cell divisions give two daughter stem cells, the number of stem cells after 20 cell doublings will be twice as high as the number of progenitor cells. (D) Reoxygenation: tumors contain regions of hypoxiawhere cancer cells are thought to be resistant to radiation. During fractionated radiotherapy, these regions are reoxygenated by various mechanisms, which leads to their radiosensitization.
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 5 Figure 5. Compton effect occurring in the matter (adapted from Compton effect, Radiopaedia.org).
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 4 Figure 4. Photoelectric effect occurring in the matter (adapted from Photoelectric effect, Radiopaedia.org).

  biological effects of the ionizing radiation concerns mostly the DNA. The DNA is the molecule responsible of the genetic and metabolic properties of the cells. It is a double helix polymer made up of two strands in spiral (Figure 7). They are composed of nucleotides which have three components: a base, a sugar (S) and a phosphate group (P) ensuring the unity of the strand. The four bases of DNA are adenine (A), cytosine (C), guanine (G) and thymine (T). The two strands are linked together by hydrogen bonds that connect the bases two by two. The transcription of DNA into RNA and then the translation of the latter into proteins allows the proper functioning of cells. Damage to the DNA can therefore affect the bases, the sugars and/or the phosphates.

  Figure 7. A schematic representation of DNA (adapted from researchgate.net).
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 6 Figure 6.Pair production (adapted from Pair production, Radiopaedia.org).
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 8 Figure 8. (a) The different phases of a cell cycle and the events taking place during it (b) The cellular response and the activation of the DNA damage repair pathway following a DNA damage.

Figure 9 .

 9 Figure 9. Predominance of Compton effect, photoelectric effect and pair production as a function of the energy of the X-ray photons and the atomic number of the encountered atoms. Figure taken from Abdel-Rahman and Podgorsak 2010.
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 10 Figure 10.Mass attenuation coefficient versus photon energy, of two heavy elements (lutetium and lanthanum), in comparison to water.
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 11 Figure 11. Mass attenuation coefficient (μ/ρ) and mass energy absorption coefficient (μen/ρ) of lutetium as a function of the energy.

  de-excitation process; they can de-excite via the emission of fluorescent photons or Auger electrons. The fluorescent photons can be either reabsorbed by the atoms or travel far way, depending on their energy, and deposit their energy further. Also, the emission of an Auger electron creates a new electronic gap that is filled in the same way. The repetition of this phenomenon is called a cascade of Auger electrons. Overall, this results in amplifying the radiation dose deposited in the media locally around the high-Z elements(Kuncic and Lacombe 2018a).

Figure 12 .

 12 Figure 12. The emission of photoelectrons, Auger electrons and secondary electrons due to the photoelectric effect are responsible for the radiation dose-enhancement.
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 13 Figure 13. Survival curves for F98 glioma-bearing rats after treatments. Day 10 corresponds to tumor implantation. (×): untreated; (■): AuNPs alone; (▲): irradiation alone (15 Gy); (□): AuNPs in combination with X-ray irradiation (15Gy)[START_REF] Bobyk | Photoactivation of gold nanoparticles for glioma treatment[END_REF]).

Figure 14 .

 14 Figure 14. Survival curves obtained on gliosarcoma-bearing rats without treatment (blue), only treated by MRT (red) and treated by MRT 5 min after intravenous injection of Gd-chelated-AuNPs (green) (Miladi et al. 2014).
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 15 Figure 15. Energy transfer process (ET) producing 1O2 from X-rays by a nanoscintillator[START_REF] Kamkaew | Scintillating Nanoparticles as Energy Mediators for Enhanced Photodynamic Therapy[END_REF]).
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 16 Figure 16. Electromagnetic spectrum emphasizing the three ranges of UV emission: UVA (315-400 nm), UV-B (290-315 nm), UVC (200-280 nm) (adapted from https://2008.igem.org/Team:Bologna/Modeling) and DNA absorbance spectra within the UV region.
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 17 Figure 17. (A) Germicidal effectiveness (cell killing ability) and the X-ray stopping power UV emitting materials (B) Emission spectrum of LuPO4:Pr 3+after X-ray excitation. (C) UV absorbance spectrum of DNA(Squillante et al. 018 and Müller et al. 2018).
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 18 Figure 18. Inverted microscope image of the LuPO4:Pr 3+ NPs in HFF1 cell culture at 100 magnification (a) (contrast and saturation was adjusted for clarification). TEM image of the LuPO4:Pr 3+ NPs at magnification of 15500x (b) and 52000x (c) showing a single NP with an approximate size of 125 nm.The NPs show a smooth surface and a spherical shape.(Müller et al., 2018) 
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 19 Figure 19. The surviving fraction of HFF1 and XP17BE (UV sensitive) cells after a treatment combining irradiation (2 Gy) and LuPO4:Pr 3+ NPs. On the right: before irradiation and on the left: after irradiation. Light gray: without NPs, and dark gray: with NPs.(Müller et al. 2018).
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 20 Figure 20. Cell survival of A549 cells under normoxic and hypoxic conditions after 4 h incubation with different concentrations of LuPO4:Pr 3+
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 21 Figure 21. Figure showing the temporal stability of NIPAM gels after irradiation by different doses (0 -5 -10Gy). The response is stable 5 hours after the irradiation until 24 hours for all doses[START_REF] Hsieh | A study on dose response of NIPAM-based dosimeter used in radiotherapy[END_REF].
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 24 Figure24. Radiation dose-enhancement factor in presence of 10 mg/ml of iodine (NaI) in nPAG dosimeters at various energies. Comparison between MRI reading and theoretical[START_REF] Gastaldo | Normoxic polyacrylamide gel doped with iodine: Response versus X-ray energy[END_REF].
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 25 Figure 25. Preparation of a NIPAM gel batch.
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 27 Figure 27. A schematic representation of the organization of the synchrotron: Linac, booster, storage ring and the different beamlines (esrf.fr).
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 28 Figure 28. A schematic representation of the storage ring with a representation of a curved and a straight section (adapted from researchgate.net).
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 29 Figure 29. Organization of the biomedical beamline ID-17(esrf.fr).

Figure 30 .

 30 Figure 30. The CIX2 X-ray generator on the left. A focus on the irradiation chamber on the right: diagram showing the different FSDs (in mm) with in red 90% maximum homogeneity field size and in black the maximum irradiation field size.
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 31 Figure 31. The normalized emission spectra of the X-ray generator taking into account the Be window only and with an additional Al filter.
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 32 Figure 32. Comparison of the theoretical DEFs using the different filters of the X-ray generator for different concentrations of LuCl3.
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 33 Figure 33. Set-up of the tubes for irradiation. They are at 50 FSD and placed in the middle of the plate to allow a homogeneous delivery of the dose.

At least 24

 24 hours after irradiation, MRI was performed at the IRMaGe platform from the Grenoble Institute of Neurosciences using a 4.7-Tesla MRI machine (Avance III console; Bruker) (Figure 35 A). Acquisitions of three slices (1.5 mm each) spaced by 2 mm (distance between the center of each slice is 3.5 mm) were performed. Each acquisition consists of 25 echoes spaced by 40 ms. The image resolution in the plane is ~300 microns. Five fits were reconstructed after the acquisition: signal intensity, standard deviation of the intensity, T2 relaxation time (ms), standard deviation of T2 and standard deviation of the fit. From the 3rd fit, mean transverse relaxation rate R2 and standard deviation were calculated in the region of interest (Figure 35 B, square in yellow). The measurements were done near the bottom of the tube in order to avoid any problems due to oxygen contamination in the top of the tube near the plug.
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 34 Figure 34. A) Gels not irradiated. B) Gels irradiated with increasing doses: 0, 2, 5, 10 and 20 Gy delivered at FSD 50 cm, with a polarization of 195 kVp and a current of 15.4 mA.
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 35 Figure 35. The 4.7-Tesla MRI machine used for analysis (A) and MRI of tubes irradiated at different doses: 0, 2, 5, 10 and 20 Gy. They were placed in increasing order of the dose from 0 Gy (the brightest) to 20 Gy (the darkest) (B).
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 36 Figure 36. The set-up of the tubes for analysis by an optical scanner (A) and the tiff image generated of gels irradiated at increasing doses (0 to 10 Gy) by the analysis (B).
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 37 Figure 37. The response of NIPAM gels irradiated with increasing doses: relaxation rate R2 measured by MRI (A) and optical density measured by optical scan (B).
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 38 Figure 38. Comparison in the relaxation rate R2 of gels measured 24 hours after irradiation (February 2021) and 2 months after irradiation (April 2021).
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 39 Figure 39. The response of NIPAM gels impregnated or not with different concentrations of LuCl3 measured by MRI (A) and by optical scanner (B).
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 40 Figure 40. Comparison of the DEFs calculated after MRI and optical scanner analyses to the theoretical values (ratio of the energy absorption coefficients) for two concentrations of LuCl3 (10 mg/mL and 20 mg/ mL) after irradiation with a polychromatic X ray beam.
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 41 Figure 41. The DEFs calculated by different methods as a function of the energy after irradiation of gels with 10 mg/mL of LuCl3 at different energies at the synchrotron.

  (the numbers in bold in the text refer to this figure). The one electron oxidation of adenine (28) produces an adenine radical cation (29). This radical, after deprotonation, undergoes a deamination reaction producing hypoxanthine (31) through the formation of an intermediate aminyl radical (30). In addition, the hydration of (29) occurs and produces, through oxidation, 8-oxo-7,8-dihydro-2′-deoxyadenosine (8oxodAdo) (33) and through reduction 4,6-diamino-5formamidopyrimidine (FapyA) (34)[START_REF] Ravanat | UV and ionizing radiations induced DNA damage, differences and similarities[END_REF].

Figure 42 .

 42 Figure 42. The mechanisms of formation of lesions after exposure of thymine to X-rays[START_REF] Ravanat | UV and ionizing radiations induced DNA damage, differences and similarities[END_REF]).

  similar to the X-ray induced radical formed. The structures and mechanisms of formation of guanine lesions are shown in Figure 44. The hydration reaction of the guanine radical cation (21) produces a transient radical (22) that, through oxidation, is converted to 8-oxo-7,8-dihydro-2′-deoxyguanosine (8oxodG) (23) or through reduction to 2,6-diamino-5-formamidopyrimidine (FapyG) (24). Deprotonation of (21) generates (25) that is at the origin of 2-amino-5-[(2-deoxy-ß-D-erythropentofuranosyl)amino]-4H-imidazol-4-one (26) through a series of reactions. This unstable nucleoside could also react with water to generate 2,2-diamino-4-[(2deoxy-ß-Derythro-pentofuranosyl)amino]-5-(2H)-oxazolone (27). Addition of HO • on guanine produces (22) that is at the origin of the formation of 8oxodG (23) and FapyG (24). Furthermore, addition of HO • could also induce the formation of (26) and (27) after dehydration of radical (25).

Figure 43 .

 43 Figure43. Structures and mechanisms of formation of one-electron oxidation and HO°-induced adenine decomposition products[START_REF] Ravanat | UV and ionizing radiations induced DNA damage, differences and similarities[END_REF].

Figure 44 .

 44 Figure44. Structures and mechanisms of formation of one-electron oxidation and HO°-induced guanine decomposition products[START_REF] Ravanat | UV and ionizing radiations induced DNA damage, differences and similarities[END_REF].

Figure 45 .

 45 Figure 45. General composition of a mass spectrometer. (1) Orifice plate, (2) QJet ion guide, (3) Q0 region, (4) Q1 quadrupole, (5) Q2 collision cell, (6) Q3 quadrupole and (7) Detector (sciex.com).

Figure 46 .

 46 Figure 46. Functioning of an electrospray source(Saibaba et al., 2016).

Figure 47 .

 47 Figure 47. Principle of action of a triple quadrupole analyzer used in MRM.

Figure 48 .

 48 Figure 48. Setup of the tubes for irradiation. They are at 50 FSD and placed in the middle of the plate to allow a homogeneous delivery of the dose.

Figure 49 .

 49 Figure 49. Set-up of the plate for irradiation in the synchrotron.

  DNA was recovered in milli-Q water in order to have a total volume of 50 µL. It was then hydrolyzed by a mixture of enzymes that were all purchased from Sigma-Aldrich. It consists of two steps (Table6). The first step was a 2-hour incubation at 37°C with phosphodiesterase II (P9041), DNase II (D4138), and nuclease P1 (N8630) in MNSPDE buffer (200 mM succinic acid, 100 mM CaCl2, pH 6). After this step, phosphodiesterase I (P3243) and alkaline phosphatase (P6774) in an alkaline phosphatase buffer (500 mM Trizma. base, 1 mM EDTA, pH 8) were added to the samples before another 2-hour incubation at 37°C. The enzymatic digestion of the DNA was thereafter neutralized by addition of HCl. After, the samples were centrifuged and transferred into mass spectrometry glass vials.

3+ 5 mgFigure 50 .

 550 Figure 50. Plate layout with the different concentrations and LuCl3 or LuPO4:Pr 3+ . Some plates were used with dAdo, others with Thd and the remaining with aqueous DNA solutions.

  LuPO4:Pr 3+ , relative to the control condition (without Lu), contrary to what was expected. The formation rates of thymine glycols were similar in presence of either 10 or 20 mg/mL of LuCl3 (Figure52 A) and the same effect was observed with LuPO4:Pr 3+ nanoscintillators (Figure52B) (p > 0.9999 using Tukey's multiple comparisons test in the two-way ANOVA analysis to compare the results between 10 and 20 mg/mL).

Figure 51 .

 51 Figure 51. The thymine glycols and FordUrd quantified by UPLC-MS/MS after irradiation of aqueous solutions of Thd. Each value represents mean +/-SD.

Figure 52 .

 52 Figure 52. The thymine glycols formed (fmoles) after irradiation at medium energy of Thd with different concentrations of lutetium: LuCl3(A) and LuPO4:Pr 3+ (B).

Figure 53 .

 53 Figure 53. The FordUrd formed (fmoles) after irradiation at medium energy of Thd with different concentrations of lutetium: LuCl3 (A) and LuPO4:Pr 3+ (B). Each value represents mean +/-SD (*** p < 0.001 and **** p < 0.0001).

Figure 54

 54 Figure 54. (A) Yield of formation of 8oxodAdo after irradiation of dAdo solutions of different concentrations. (B) The 8oxodAdo (fmoles) quantified by UPLC-MS/MS after irradiation of aqueous solutions of dAdo (initial concentration: 0.1 mM). Each value represents mean +/-SD.

Figure 56 .

 56 Figure 56. Comparison between the experimental and theoretical DEFs created in the presence of 10 and 20 mg/mL of LuCl3. The data represents the mean +/-SD. . A good agreement was found

Figure 55 .

 55 Figure 55. Quantity of 8oxodAdo (fmoles) measured after irradiation of aqueous solutions of dAdo in presence of different concentrations of LuCl3. Each value represents mean +/-SD (*** p < 0.001 and **** p < 0.0001).

Figure 56 .

 56 Figure 56. Comparison between the experimental and theoretical DEFs created in the presence of 10 and 20 mg/mL of LuCl3. The data represents the mean +/-SD.

Figure 57 .

 57 Figure 57. Quantity of 8oxodAdo (fmoles) measured after irradiation of aqueous solutions of dAdo in presence of different concentrations of LuCl3. Each value represents mean +/-SD (**** p < 0.0001).

  Comparison between the experimental and theoretical DEFs created in the presence of (A) 10 and (B) 20 mg/mL of LuCl3. The data represents mean value +/-SD., the experimental DEFs, even though they are slightly higher, have the same trend as the theoretical ones at both concentrations of LuCl3. Even the jump at the level of the k edge of Lu(63.31 keV) can be seen in this study. All the above results on dAdo validate the presence of a radiation dose-enhancement due to the presence of Lu in the solutions during the irradiation as well as an energy dependency.

  (A) Quantity of 8oxodAdo (fmoles) measured by ULC-MS/MS and (B) the yield of formation of 8oxodAdo (fmoles/Gy) after irradiation of aqueous solutions of dAdo in presence of different concentrations of LuPO4:Pr 3+ . Each value represents mean +/-SD (* p < 0.1 and **** p < 0.0001). ) are not significantly different (p > 0.5), as shown in Figure 59. (A) Quantity of 8oxodAdo (fmoles) measured by ULC-MS/MS and (B) the yield of formation of 8oxodAdo

Figure 58 .

 58 Figure 58. Comparison between the experimental and theoretical DEFs created in the presence of (A) 10 and (B) 20 mg/mL of LuCl3. The data represents mean value +/-SD.

  Quantity of thymine glycols (lesions per million bases) measured after irradiation of aqueous solutions of DNA in presence of different concentrations of LuPO4:Pr 3+ (* p < 0.1 and **** p < 0.0001. Each value represents mean +/-SD., there is a linear formation of thymine glycols (expressed relatively to a million bases) with the dose (Table

Figure 59 .

 59 Figure 59. (A) Quantity of 8oxodAdo (fmoles) measured by ULC-MS/MS and (B) the yield of formation of 8oxodAdo (fmoles/Gy) after irradiation of aqueous solutions of dAdo in presence of different concentrations of LuPO4:Pr 3+ . Each value represents mean +/-SD (* p < 0.1 and **** p < 0.0001).

Figure 60 .

 60 Figure 60. Quantity of thymine glycols (lesions per million bases) measured after irradiation of aqueous solutions of DNA in presence of different concentrations of LuPO4:Pr 3+ (* p < 0.1 and **** p < 0.0001. Each value represents mean +/-SD.

Figure 61 .

 61 Figure 61. The experimental and theoretical DEFs by analysis of thymine glycols after irradiation in the presence of 5 and 20 mg/mL of LuPO4:Pr 3+ .

Figure 62 .

 62 Figure 62. Quantity of thymine glycols (lesions per million bases) measured after irradiation of aqueous solutions of DNA in presence of different concentrations of LuPO4:Pr 3+ . Each value represents mean +/-SD (**** p < 0.0001). , show the formation of thymine glycols as a function of the dose at 64.31 keV. Whatever the irradiation energy, the formation of thymine glycols significantly increases linearly with the irradiation dose and the increasing concentrations of LuPO4:Pr 3+

Figure 62 .

 62 Figure 62. Quantity of thymine glycols (lesions per million bases) measured after irradiation of aqueous solutions of DNA in presence of different concentrations of LuPO4:Pr 3+ . Each value represents mean +/-SD (**** p < 0.0001).

Figure 63 .

 63 Figure 63. Comparison between the experimental and theoretical DEFs created in the presence of (A) 10 and (B) 20 mg/mL of LuPO4:Pr 3+ .

  Chromatogram of a solution containing 0.1 µM of TT-CPD (RT=2.51) and 64-PP (RT=3.63). shows the chromatogram of the standards solution, the retention time (RT) is 2.51 min and 3.63 min for the TT-CPDs and 64-PPs, respectively. A comparison between the standards and the sample irradiated with the UV-C lamp (Figure 65. Chromatogram of a solution containing DNA (0.1 mg/mL) in the presence of LuPO4:Pr 3+ (20 mg/mL) irradiated with a UVC lamp.) shows that the TT-CPDs and 64-PPs can be detected and quantified without any problem.

Figure 65 .

 65 Figure 65. Chromatogram of a solution containing DNA (0.1 mg/mL) in the presence of LuPO4:Pr 3+ (20 mg/mL) irradiated with a UVC lamp.

Figure 64 .

 64 Figure 64. Chromatogram of a solution containing 0.1 µM of TT-CPD (RT=2.51) and 64-PP (RT=3.63).

  These nanoscintillators have been shown to have a UV effect(Müller et al. 2019b) and to induce the formation of CPDs(Müller et al. 2018a). Pr 3+ being responsible for the UV emission, we checked that the batch of nanoscintillators used showed the expected radioluminescence emission in the UV. Two batches of nanoscintillators were studied, one doped with Pr 3+ and the other one without the dopant : LuPO4 and LuPO4:Pr 3+ . These measurements were performed by Pr C. Dujardin (ILM Lyon). The results are shown in (Figure 67. Radioluminescence spectrum of 2 batches of nanoscintillators: LuPO4 undoped and LuPO4 doped with Pr 3+ with a red circle showing the peaks of UV emission of the Pr (Pr Dujardin, ILM Lyon).

Figure 66 .

 66 Figure 66. Chromatogram of a solution containing DNA (0.1 mg/mL) in the presence of LuPO4:Pr 3+

Figure 67 .

 67 Figure 67. Radioluminescence spectrum of 2 batches of nanoscintillators: LuPO4 undoped and LuPO4 doped with Pr 3+ with a red circle showing the peaks of UV emission of the Pr (Pr Dujardin, ILM Lyon).

Figure 68 .

 68 Figure 68. The thymine glycols quantified by UPLC-MS/MS after irradiation of aqueous solutions of Thd. Each value represents mean +/-SD.

Figure 69 .

 69 Figure 69. Detection of CPDs for HFF1 cells after combined treatment with 4 Gy and 2.5 mg/ml LuPO4:Pr 3+ NPs. Absorbance at 450 nm (a) and amount of CPDs (b)(Müller et al., 2018) 

  It is invasive and has a very bad prognosis with the best treatment plans. There are different models of gliomas, none of which exactly simulates the characteristics of human glioblastomas. They are however essential for the development of new therapies. The model used in this study is the F98 rat cell line. It was isolated in the 60's by Weschler in Ohio State University. It was produced in Fischer rats that developed spontaneous tumors after a single intravenous injection of ethylnitrosourea to their mother on her 20 th day of gestation (Barth 1998). When cultured in vitro, most of these cells are spindle-shaped with an average diameter of 10 µm and they have a doubling time of 19h (Taupin 2013).

Figure 70 .

 70 Figure 70. F98 cells imaged by scanning electron microscopy (x800) (Taupin 2013).

Figure 71 .

 71 Figure 71. Repair pathways of single-strand breaks (A) and double-strand breaks (B & C)that are formed after irradiation (adapted from[START_REF] Biau | Altering DNA Repair to Improve Radiation Therapy: Specific and Multiple Pathway Targeting[END_REF].

Following

  the detection of DNA damage, different proteins can be activated. Depending on their nature and function, the cells can react in different ways: cell cycle arrest, damage repair phase, or cell death. Mild DNA damage can lead to the induction of cell-cycle arrest, while severe lesions that cannot be repaired shift the response towards the induction of senescence or cell death programs, for example, mitotic catastrophe, apoptosis, necrosis and autophagy[START_REF] Surova | Various modes of cell death induced by DNA damage[END_REF]. According to Kroemer et al, a cell is considered "dead" when it has entered an irreversible process by defining three different biochemical events as checkpoints: loss of the membrane integrity, fragmentation of the cell into several distinct bodies (called apoptotic bodies) and internalization of these bodies by other cells. Cell death can be classified depending on different norms: the morphological appearance of the cell, the enzymological criteria, the functional aspects or the immunological characteristics[START_REF] Kroemer | Classification of cell death[END_REF]. The main types of cell death induced by DNA damage are briefly presented in the following as described byKroemer et al.: 

Figure 72 .

 72 Figure 72. Colonies of cells left to dry after being fixed and colored with the crystal violet.

Figure 73 .

 73 Figure 73. Irradiation of the cells using the X-ray generator.

Figure 74 .

 74 Figure 74. Observations of comets by fluorescence microscopy. Intact DNA from untreated cells (A) and DNA from cells treated with 2.5 mg/mL of LuPO4:Pr 3+ prior to a 10 Gy irradiation delivered using the X-ray generator (B).
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 1 10 000th in PBS (25 µL of diluted Gel Red per gel). If DNA breaks are present, they result in a relaxation of the DNA that migrates faster in the gel, which is what forms the tail of the comet. The acquisition consists in recording 50 images of comets per gel and collecting the median tail moment using a fluorescence microscope (Figure 75) connected to the Comet IV software (Perceptive Instruments, Suffolk, UK). This experiment was performed three times independently.10. 53BP1 immunostainingThe 53BP1 immunostaining test allows the quantitation of the DNA double strand breaks (DSB). The 53BP1 is a protein recruited in the repair mechanism of the DNA DSB. It plays an important role in regulating the NHEJ repair mechanism by recruiting the components to the break site, activating the checkpoint signaling and facilitating synapsis of the two ends[START_REF] Chatterjee | Mechanisms of DNA damage, repair and mutagenesis[END_REF]. The number of 53BP1 foci reflects the number of DSBs present in the DNA. Usually, these lesions are formed approximately 1h after the treatment and are repaired within a few hours. Thus, a study over time can determine whether the actual number of DSBs is increased and whether the repair mechanism is impaired.

Figure 75 .

 75 Figure 75. Analysis of the comet slides using the fluorescence microscope connected to the Comet IV software (A) and a close-up photo on a slide placed under the microscope (B).

Figure 76 .

 76 Figure 76. Observation of 53BP1 foci by automated fluorescence microscopy. The DNA was labeled with Hoechst 33342 (blue) and 53BP1 foci were immunolabeled with IgG Atto 633 (green). were immunolabeled with IgG Atto 633 (green).

Figure 77 .

 77 Figure 77. Cytotoxicity of LuPO4:Pr 3+ on F98 cells assessed by a colony formation assay. Each value represents mean +/-SD.

Figure 78 .

 78 Figure 78. Cytotoxicity of LuPO4:Pr 3+ on HFF1 cells measured using (A) a colony formation assay and (B) a MTT test (data from Müller et al. 2018).

Figure 79 .

 79 Figure 79. TEM images of F98 cells treated (B and D) or not (A and C) with LuPO4:Pr 3+ . Figure C and D are at higher magnification. The black contrasts represent the nanoscintillators that are accumulated inside the cells and around the nucleus.

Figure 80 .

 80 Figure 80. The efficacy of a treatment combining nanoscintillators and irradiation on F98 cells using a colony formation assay. Each value represents mean +/-SD (*** p value < 0.0001).

Figure 81 .

 81 Figure 81. The RDE effect of LuPO4:Pr 3+ on F98 cells by assessing the radiationinduced DNA single and double strand breaks using the comet assay. Each value represents mean +/-SD (*** p value < 0.005).

Figure 82 .

 82 Figure 82. The RDE effect of LuPO4:Pr 3+ on F98 cells by assessing the radiation-induced DNA single and double strand breaks using the 53BP1 assay. Each value represents mean +/-SD (*** p value < 0.005).

  radiothérapie est le traitement le plus couramment utilisé contre le cancer. Elle peut induire la mort des cellules cancéreuses en créant des dommages à l'ADN. Ces dommages peuvent être le résultat d'une ionisation directe ou indirecte par la formation d'espèces réactives de l'oxygène. L'une des limites de la radiothérapie est la tolérance des tissus sains entourant la tumeur aux rayonnements ionisants. Or, la dose nécessaire pour stériliser la tumeur est souvent supérieure à la tolérance des tissus sains environnants. Pour surmonter ce problème et améliorer ainsi l'efficacité de la radiothérapie, une solution pourrait être d'induire un différentiel d'effets entre la tumeur et les tissus sains en chargeant la tumeur de nanoscintillateurs avant l'irradiation. Les nanoscintillateurs sont des nanoparticules généralement composées d'éléments de numéro atomique élevé qui transforment le rayonnement ionisant en photons pouvant couvrir une gamme d'énergie allant de l'ultraviolet (UV) à l'infrarouge, devenant ainsi des sources locales de lumière. La longueur d'onde d'émission de ces nanoscintillateurs dépend de leur composition. Lorsque nous combinons la radiothérapie avec l'utilisation de nanoscintillateurs, plusieurs effets sont attendus :

  nanoparticules constituées d'atomes lourds génère une surproduction de photoélectrons et d'électrons Auger qui induisent à leur tour une augmentation de la dose déposée. Nous avons étudié cet effet en utilisant trois approches différentes : -Physique : nous avons pu mesurer le facteur d'augmentation de la dose en utilisant les gels dosimétriques NIPAM qui sont habituellement utilisés pour valider la distribution spatiale de la dose pendant le traitement. Ces gels sont généralement analysés par IRM, mais nous avons également validé l'utilisation d'une technique plus facile et plus accessible, le scanner optique. -Biologique : nous avons étudié l'efficacité d'un traitement combinant les nanoscintillateurs et l'irradiation sur une lignée cellulaire de gliome murin F98 en utilisant différents tests. Les nanoscintillateurs ont été internalisées et accumulées dans des vésicules cytoplasmiques. Une incubation des cellules avec les nanoscintillateurs 24h avant l'irradiation induit une augmentation de la mort cellulaire et une augmentation des cassures d'ADN formées.-Analytique : les radicaux hydroxyles formés par l'irradiation sont très réactifs avec les molécules biologiques et notamment avec les bases nucléiques, ce qui induit la formation de lésions oxydatives. L'augmentation de la dose déposée induit une augmentation de la formation des radicaux hydroxyles HO° et donc des lésions oxydatives formées. Ces lésions peuvent être mesurées par une méthode analytique très sensible et spécifique qui est l'"Ultra Performance Liquid Chromatography" couplée à la spectrométrie de masse en tandem.Quant à l'effet UV, le rayonnement UV est une radiation de longueur d'onde inférieure à la lumière visible et supérieure aux rayons X. Son effet est lié à l'absorption directe des photons UV par les bases de l'ADN. Par conséquent, il est connu pour avoir des effets particulièrement toxiques, notamment en produisant des dommages spécifiques à l'ADN qui sont des dimères de pyrimidine.
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 1 Antonia Youssef 1 , David Béal 1 , Clément Calissi 1 , Etienne Bourgart 2 , Marie Marques 2 , Marie-Thérèse Leccia 3 , Jean-Philippe Giot 4 , Anne Maitre 2 & Thierry Douki 1 Skin is a major barrier against external insults and is exposed to combinations of chemical and/or physical toxic agents. Co-exposure to the carcinogenic benzo[a]pyrene (B[a]P) and solar UV radiation is highly relevant in human health, especially in occupational safety. In vitro studies have suggested that UVB enhances B[a]P genotoxicity by activating the AhR pathway and overexpressing the cytochrome P450 enzymes responsible for the conversion of B[a]P into DNA damaging metabolites. Our present work involved more realistic conditions, namely ex vivo human skin explants and simulated sunlight (SSL) as a UV source. We found that topically applied B[a]P strongly induced expression of cutaneous cytochrome P450 genes and formation of DNA adducts. However, gene induction was significantly reduced when B[a]P was combined with SSL. Consequently, formation of BPDE-adducts was also reduced when B[a]P was associated with SSL. Similar results were obtained with primary cultures of human keratinocytes. These results indicate that UV significantly impairs B[a]P metabolism, and decreases rather than increases immediate toxicity. However, it cannot be ruled out that decreased metabolism leads to accumulation of B[a]P and delayed genotoxicity.

Figure 1 .

 1 Figure 1. Schematic representation of experimental protocols performed. Treatment was performed topically with 100 nmol B[a]P in acetone. Samples were exposed to a dose of 2 MED of SSL. Skin explants were prepared. Three protocols were used: (i) B[a]P: explants were treated with B[a]P; (ii) SSL/B[a]P: explants were exposed to SSL and then treated 1 hour later with B[a]P and iii) B[a]P/SSL: explants were treated with B[a]P, and then exposed to SSL 24 hours later.

Figure 2 .

 2 Figure 2. Induction of the expression of CYP genes in skin is altered when irradiation with 2 MED SSL is performed 1 hour before B[a]P treatment when compared to B[a]P treatment alone. Expression of genes was quantified at different time points by RT-qPCR at the indicated times post-treatment: (a) CYP1A1, (b) CYP1A2 and (c) CYP1B1. Mean of at least three independent experiments ± SEM. Statistical significance: * p < 0.05, ** p < 0.01.

Figure 3 .

 3 Figure 3. Induction of the expression of CYP genes in skin is altered when irradiation with 2 MED SSL is performed 24 hours after B[a]P treatment when compared to B[a]P treatment alone. Expression of genes was quantified at different time points by RT-qPCR at the indicated times post-treatment: (a) CYP1A1, (b) CYP1A2 and (c) CYP1B1. Mean of at least three independent experiments ± SEM. Statistical significance: * p < 0.05, ** p < 0.01.

Figure 4 .

 4 Figure 4. Level of BPDE-N 2 -dGuo in the DNA of skin explants treated with different protocols (a) SSL/B[a]P: exposure to 100 nmol B[a]P 1 hour after irradiation with 2 MED SSL and (b) B[a]P/SSL: exposure to 100 nmol B[a]P for 24 hours followed by irradiation with 2 MED SSL. Data were from explants from three individual donors each treated in triplicate. A comparison was made between samples exposed to B[a]P alone or to B[a]P and UV (statistical significance * p < 0.05; ** p < 0.01).

Figure 5 .

 5 Figure 5. Induction of the expression of CYP genes in NHK is altered when irradiation with 2 MED SSL is performed 24 hours after B[a]P treatment when compared to B[a]P treatment alone. Expression of the genes CYP1A1, CYP1A2 and CYP1B1 was quantified at different time points by RT-qPCR in different protocols (a) exposure to 1 µM B[a]P 1 hour after irradiation with 2 MED SSL and (b) exposure to 1 µM B[a]P for 24 hours followed by irradiation with 2 MED SSL. The left side of both panel show data for unirradiated samples treated with B[a]P alone and the right side for the co-exposure protocols. Statistical significance of the differences were determined for each time point between the control and the irradiated samples. (p < 0.05, ** p < 0.01).

Figure 6 .

 6 Figure 6. Level of BPDE-N 2 -dGuo adducts in the DNA of cultured NHK treated with different protocols (a) SSL/B[a]P: exposure to 1 µM B[a]P 1 hour after irradiation with 2 MED SSL and (b) B[a]P/SSL: exposure to 1 µM B[a]P for 24 hours followed by irradiation with 2 MED SSL. Data obtained were from cells of three individual donors each treated in triplicate. A comparison was made between samples exposed to B[a]P alone or to B[a]P and UV (statistical significance * p < 0.05; ** p < 0.01).

  Trp: m/z 205 (MH + ) ? 188 (MH + -NH 3 ) NFKyn: m/z 237 (MH + ) ? 220 (MH + -NH 3 ); m/z 237 ? 136 (MH + -CO-C 2 H 3 NO 2 ) Kyn: m/z 209 (MH + ) ? 192 (MH + -NH 3 ) Trypta: m/z 161 (MH + ) ? 144 (MH + -NH 3 ) and 161 (MH + ) ? 117 (MH + -NH 3 -HCN) FICZ: m/z 285 (MH + ) ? 257 (MH + -CO)

Scheme 1 .

 1 Scheme 1. Chemical structure of the main Trp photoproducts. Kyn: Kynurenine, NFKyn: N-Formylkynurenine, Trypta: tryptamine, FICZ: 6-Formylindolo[3,2-b]carbazole.

Figure 1 .

 1 Figure 1. Fragmentation mass spectra of some Trp photoproducts. (a) Fragmentation spectrum of NFKyn recorded with a collision energy (CE) of 59 eV and (b) effect of the collision energy on the intensity of the pseudo-molecular ion (m/z = 285.2) and the [MH] + -CO fragment (m/z = 257) of FICZ

Figure 3 .

 3 Figure 3. HPLC-MS/MS detection of photoproducts in photolyzed Trp. The overall UVB dose applied to the analyzed sample was 3.3 J cm À2 . The identity of the photoproducts was inferred from their HPLC retention times and their mass spectrometry features (Kyn m/z 209 ? 162; NFKyn m/z 237 ? 220 and 136; Trypta m/z 161 ? 144 and 117; FICZ m/z 285 ? 257).

Figure 4 .

 4 Figure 4. Dose-course formation of Trp photoproducts upon exposure to SSL. Results are expressed in % of formations with respect to the initial amount of Trp. Data are the mean AE standard error (n = 3).

Figure 5 .

 5 Figure 5. Formation of Trp photoproducts in NHK exposed to 2 MED of SSL. The figure shows HPLC-MS/MS chromatograms. NFKyn was unambiguously identified on the basis of the retention time of the peak and the presence of two specific daughter ions (m/z 237 ? 220 and 237 ? 136). No peak was detected for FICZ at the expected retention time (33.7 min).

Figure 6 .

 6 Figure 6. Quantification of FICZ in MEL501 cells exposed to 10 MED. The HPLC-MS/MS chromatograms correspond to (a) cytosolic extracts from irradiated MEL501 cells, (b) standard solution of pure FICZ and (c) cytosolic extracts from non-irradiated MEL501 spiked with 200 fmol of FICZ. MRM transitions were m/z 237 ? 220 and 136 for NFKyn and m/z 285 ? 257 for FICZ.
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  2 or 2 mM B[a]P, just like the raw extracts. These synthetic mixtures are referred to as CTP-S-10, CTP-S-1, CTP L -S-1 and PC-S-1. The twelve investigated PAH are among the priority EPA PAH and include: fluoranthene (Flua), pyrene (Pyr), benz[a] anthracene (B[a]A), chrysene (Chr), benzo[e]pyrene (B[e] P), benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthene (B[k]F), benzo[a]pyrene (B[a]P), dibenzo[a,h]anthracene (dB[ah]A), benzo[g,h,i]perylene (B[ghi]P), benzo[j]fluoranthene (B[j]F), and indeno(1,2,3-c,d)pyrene (IP). All PAH were supplied by LGC Standards.

  [a]P and to the three different PAH mixtures. The concentrations in B[a]P in CTP L and PC are very low. Adding 10 nmol of B[a]P with these solutions would thus necessitate the preparation of highly concentrated solutions above saturation.

Fig. 1

 1 Fig. 1 Modulation of the expression of CYP genes in skin exposed for 48 h either to 10 nmol of pure B[a]P or to solution of mixture containing 10 nmol B[a]P (CTP: raw coal tar pitch extract; CTP-S: synthetic reconstitution of the PAH fraction of CTP). Results were obtained from three donors studied in triplicates and represent the mean ± standard error. Statistical significance of the differences: *p < 0.05, **p < 0.01. All values were statistically different from those of the unexposed controls

Fig. 2

 2 Fig. 2 Time-course formation of BPDE-N 2 -dGuo adducts in skin explants exposed either to 10 nmol of pure B[a]P or to solution of mixtures containing 10 nmol B[a]P (CTP: raw coal tar pitch extract; CTP-S: synthetic reconstitution of the PAH fraction of CTP). Results were obtained from three donors studied in triplicates and represent the mean ± standard error. Statistical significance of the difference with respect to samples exposed to pure B[a]P: *p < 0.05, **p < 0.01

Fig. 3

 3 Fig. 3 Level of BPDE-N 2 -dGuo adducts in skin exposed for 48 h to either 1 nmol of pure B[a]P or to solutions of mixtures containing 1 nmol B[a]P (CTP: raw coal tar pitch extract; CTP-S: synthetic reconstitution of the PAH fraction of CTP; CTP L : raw "light" coal tar pitch extract; CTP L -S: synthetic reconstitution of the PAH fraction of CTP L ; PC: raw petroleum extract; PC-S: synthetic reconstitution of the PAH fraction of PC). Results were obtained from three donors and represent the mean ± standard error. Statistical significance of the differences: *p < 0.05, **p < 0.01
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Fig. 1 .Fig. 2 .

 12 Fig.1. Loss of mitochondrial activity in NHK exposed to increasing doses of SSL with irradiation performed after 24 h of treatment with either 0.1 or 1 μM B[a] P. MTT assay was performed 24-and 48-h following SSL exposure. Results are mean ± standard error obtained from three different donors. Statistical significance of the difference with respect to NHK exposed to SSL only: ⁎ p < .05, ⁎⁎ p < .01.

Fig. 3 .

 3 Fig. 3. Repair of pyrimidine dimers in NHK exposed to 2 MED SSL only or a) with a subsequent 1 μM B[a]P treatment performed 1 h after irradiation, b) after a 24-h preliminary incubation with 1 μM B[a]P. Results are the sum of either the level of the four CPDs or of TT and TC 64PPs and Dewars. Results were obtained from three donors each studied in three independent cultures. Data were normalized to 100% for each donor and pooled. They are expressed in percentage of remaining lesions and represent mean ± standard error (n = 9). Statistical significance with respects to SSL only ⁎ : p < .05; ⁎⁎ : p < .01.

Fig. 5 .

 5 Fig. 5. Effects of the AhR agonist TCDD and AhR-antagonist CH223191 in NHK. a) Decrease in the mitochondrial activity was measured at 48 h by performing the MTT assay in NHK exposed to SSL (2 MED) after incubation in medium containing B[a]P (1 μM) and increasing concentrations of CH223191 (CH 2, 5, and 10 μM). b) Repair of TT CPD in NHK exposed to SSL (2 MED) with or without a preliminary 24-h incubation with either B[a]P 1 μM, B[a]P 1 μM + 5 μM CH223191 (CH), or 10 nM TCDD. Results are mean ± SEM from two donors studied in three independent cultures. Statistical significance: B[a] P/SSL vs SSL ⁎ : p < .05; ⁎⁎ : p < .01; B[a]P + CH223191/SSL vs SSL † : p < .05; † † : p < .01.

Figure 1 .

 1 Figure 1. Synthesis and characterization of the LaF 3 :Ce nanoparticles. A) Schematic representation of the chemistry synthesis. B) X-ray diffractogram of the La 0.9 Ce 0.1 F 3 nanoparticles -the crystallization phase is identified as being the trigonal tysonite LaF 3 structure (JCPDS 32-0483). C) Fourier transform infrared spectroscopy spectra of the LaF 3 :Ce nanoparticles (blue) and the triphosphate-coated LaF 3 :Ce nanoparticles (LaF 3 :Ce@TPP, red). The attenuated total reflectance (ATR) is plotted as a function of the wavenumber. D) Dynamic light scattering quantifying the hydrodynamic radius of the functionalized nanoparticles. Polydispersity index = 0.12. E) TEM image of the well-dispersed and well-crystallized LaF 3 :Ce nanoparticles. Scale bar = 50 nm. Insert: High resolution TEM image. Scale bar = 10 nm. F) Photoluminescence spectrum of LaF 3 :Ce nanoparticles measured with 𝜆 exc = 214 nm. G) Radioluminescence spectrum (30 mA, 33 kV). The peak indexed as 1 corresponds to the transition 2 D 3/2 standard → 2 F 5/2 , the peak indexed as 2 corresponds to 2 D 3/2 standard → 2 F 7/2 and the peak indexed as 3 corresponds to 2 D 3/2 perturbed → 2 F x/2 .

Figure 4 .

 4 Figure 4. LaF 3 :Ce nanoscintillators induce a radiation dose-enhancement effect in vitro on F98 spheroids. A,B) Confocal fluorescence microscopy images of F98 spheroids taken on culture day 10, that is, 7 days following radiotherapy delivered in absence of nanoscintillators (A), or after a 24 h incubation with 0.1 mg mL -1 LaF 3 :Ce (B). Representative brightfield and propidium iodide emission (necrosis) images of each treatment conditions are shown. Scale bar = 100 µm. C) Logistic growth curves of F98 spheroids treated with synchrotron radiation therapy (no nanoparticle) at 50 keV with a dose of 0 Gy (black), 2 Gy (purple), 4 Gy (pink), or 8 Gy (red). D) Radiotherapy dose-response fitted as a function of spheroid necrosis. Data was normalized to the 0 Gy controls of each group, and fitted with linear regression. The slope was significantly different (p = 0.036). At each dose, the data from both groups was statistically different compared with a one-way ANOVA and Sidak's multiple comparisons test. E) Analysis of spheroid necrosis following radiotherapy at photon energies of either 30, 50, or 80 keV. Data was pooled from various time-points, and plotted as a fold-change compared to the "No nano" control groups subjected to the same radiotherapy dose. Data was statistically analyzed with a with a one-way ANOVA and Sidak's multiple comparisons test. In all panels, statistical significance is indicated as "*"(p < 0.05), "**"(p < 0.01), "***"(p < 0.005), or "****"(p < 0.001).

Figure 5 .

 5 Figure 5. Toxicology investigation indicates that 35 and 50 mg mL -1 of LaF 3 :Ce can safely be injected by intravenous (iv) and CED, respectively. A,B) Growth curves of the animals that received LaF 3 :Ce nanoparticles by iv and CED injections, respectively. C-E) Concentration of La measured in the kidney, liver, and spleen, respectively, for increasing concentrations of LaF 3 :Ce injected by iv (pink) and CED (blue). Data represents mean ± standard deviation, N = three/groups. F-J) Concentration of aspartate transaminase (ASAT), alanine transaminase (ALAT), urea, creatinine, and creatine kinase, normalized on the values obtained for the control group, measured after LaF 3 :Ce injection by iv (pink) and CED (blue). The data show a bar ranging from the lowest to the highest value, N = 3 animals/group.

Figure 6 .

 6 Figure6. 30 min is an optimal injection-to-irradiation delay. A) Experiment timeline: on day 1, F98 cells are implanted in Fischer rats. Fourteen days post-implantation, the nanoparticles are injected by intravenous (iv) or CED. 30 min or 24 h after injection, animals are euthanized and their organs are collected for inductively coupled plasma mass spectrometry (ICP-MS) analysis. In addition, computed tomography (CT) images are acquired 30 min and about 24 h post-injection. B) Representative CT images of a control animal (no nanoparticles), as well as three animals that received an iv injection 30 min earlier, or a CED injection 30 min or 22 h earlier. Scale bar = 10 mm. C,D) La measured in each organ after iv (C), or CED injection (D). The caption is identical for both graphs. The data shows mean ± standard deviation. N = 4/group. LoD: limit of detection of the ICP-MS system. E) La measured in the brain 30 min post-injection by ICP-MS and CT. The La concentration in the tumor was extrapolated from the ICP-MS measurements (whole brain) and estimated at 6.8 mg mL -1 after CED, comparable to the value of 7.5 mg mL -1 measured by CT imaging. A similar extrapolation indicated a concentration 0.2 mg mL -1 La in the tumor 30 min post iv injection. F) Representative T2-sequence magnetic resonance imaging (MRI) image of a rat bearing a F98-tumor 12 days after tumor inoculation. Scale bar = 5 mm. Tumor tissue is delineated with a yellow dashed line.

Figure 7 .

 7 Figure 7. Radiation dose-enhancement by LaF 3 :Ce leads to a full recovery of 15% of the animals bearing a F98-brain tumor. A) Survival curve obtained after treatment when LaF 3 :Ce nanoparticles are delivered by CED (20 µL of 50 mg mL -1 ). B) Growth curve of the animals, presented as a percentage of change compared to the mass of the animal on the day of tumor implantation. The two long-term survivors were euthanized on day 129 (115 days after treatment), although they were showing no clinical signs of pathology. C) Correlation between the survival and the volume of tumor not overlapped by the distribution of nanoparticles. The two long-term survivors do not appear on this graph as they were euthanized without clinical signs. D-G) Hematoxylin and eosin (H&E) staining of brain slices collected after euthanasia of a representative animal from the control group (D), the group receiving a CED injection only (E), the group receiving only the irradiation (F) and the group receiving the CED injection and the irradiation (G). For this last group, we chose an animal that died early (34 days post tumor inoculation). Scale bar = 1 mm. H) H&E staining of a slice of the brain of one of the two long-term survivors. Scale bar = 1 mm. I) LIBS image of a consecutive slice of the brain of a long-term survivor. LaF 3 :Ce nanoparticles are still visible in the brain 129 days post tumor implantation. Scale bar = 1 mm. J) La measured by ICP-MS contained in the kidney, liver, and spleen of animals euthanized 30 min and 24 h post-injection (data shown in Figure6), together with the results obtained for the two long-term survivor animals. 129 days post implantation (115 days after treatment), no signal was detected in any of these organs, hinting to a total elimination of the La present in the rest of the organism.

  curves. Dose response fits were statistically compared using an extra sum-of-squares f-test. In the figure panels, statistical significance is indicated with single-(p ≤ 0.05), double-(p ≤ 0.01), triple-(p ≤ 0.005), or quadruple asterisks (p ≤ 0.001).
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	List of abbreviations
	64PP	Pyrimidine(6-4)pyrimidone photoproducts
	8oxodAdo	8-oxo-7,8-dihydro-2′-deoxyadenosine
	8-oxodG	8-oxo-7,8-dihydro-2'-deoxyguanosine
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	CT	Computed tomography
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	DDR	DNA damage response
	DEF	Dose-enhancement factor
	DMEM	Dulbecco's modified eagle's medium
	DMF	Dose modification factor
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	DNA	Deoxyribonucleic acid
	DNA-PK	DNA-dependent protein kinase
	DSB	Double strand break
	EBRT	External beam radiotherapy
	EDTA	Ethylenediaminetetraacetic acid
	EPR	Enhanced permeability and retention
	ESI	Electrospray ionization source
	ESRF	European Synchrotron Radiation Facility
	FapyA	4,6-diamino-5-formamidopyrimidine
	FapyG	2,6-diamino-5-formamido-pyrimidine
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	GdNPs	Gadolinium nanoparticles
	HFF	Human foreskin fibroblasts
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	I0	Intensity without high-Z elements
	ICI	Immune checkpoints inhibitors
	ICP-MS	Inductively Coupled Plasma Mass Spectrometry
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	IMRT	Intensity-modulated radiotherapy
	LET	Linear energy transfer
	Lig	DNA ligase
	Linac	Linear accelerators
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 4 Concentrations of stock and daughter solutions of the different compounds
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 5 The different steps of handling the samples after irradiation.
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 7 The parameters used for the quantitation of the DNA lesions using the UPLC-MS/MS system.

		Thd		dAdo		Photoproducts
	Parameter	Thymine glycols	FordUrd	8oxodAdo	8oxodAdo M+5	TT-CPD	TT-64PP
	Column	Acquity UPLC BEH C18 1.7µm (advanced materials technology, USA)	HALO 90Å C18 2.7µm 2.1x100mm
	Injected volume		5 µL			10 µL	
	Buffer		Ammonium formate (FA)		Triethylammonium acetate (TEAA)
	Run time	6 min		10 min	2.5	3.6
	Q1 mass (Da)	275.2		268.2	273.2	545	545
	Q3 mass (Da)	116.1		152.1	157.1	447	

Table 8 .

 8 The

	Concentration	LuCl3 0 mg/mL	LuCl3 10 mg/mL	LuCl3 20 mg/mL
	Slope (fmoles/Gy)	305,2	518,8	677,1
	R²	0,9970	0,9890	0,9955

fits and R² of aqueous solutions of dAdo irradiated in the presence of different concentrations of LuCl3 (mg/mL) using the X-ray generator.

Table 9 .

 9 The fits and R² of aqueous solutions of dAdo irradiated in the presence of different concentrations of LuCl3 (mg/mL) at different energies using the synchrotron radiation.

			202.2	446.8	594.7
		R²	0.9867	0.9955	0.9960
	39.92 keV	Slope (fmoles/Gy) R²	246.0 0.9852	534.0 0.9952	725.2 0.9947
	62.31 keV	Slope (fmoles/Gy) R²	283.4 0.9908	491.8 0.9922	678.1 0.9934
	Energy	Concentration	LuCl3 0 mg/mL LuCl3 10 mg/mL LuCl3 20 mg/mL
	64.31 keV	Slope (fmoles/Gy) R²	296.6 0.9507	579.3 0.9955	813.7 0.9967
	81.72 keV	Slope (fmoles/Gy) R²	354.2 0.9328	667.1 0.9701	974.8 0.9712

20 mg/mL 37.92 keV Slope (fmoles/Gy)

Table 10 .

 10 The

fits and R² of thymine glycols formed in DNA aqueous solutions irradiated in the presence of different concentrations of LuPO4:Pr 3+ (mg/mL) using the X-ray generator.

Table 11 .

 11 The fits and R² of DNA aqueous solutions irradiated in the presence of different concentrations of LuPO4:Pr 3+ (mg/mL) at different energies using the synchrotron radiation.

Table 12 .

 12 Table showing the α and β values of the fit of the colony formation assay curves. Using these values, the doses (Gy) corresponding to specific surviving fractions (%) were calculated in order to determine the corresponding DMFs.

Conc of LuPO4:Pr 3+ Dose (Gy)

  

			0	2	4	6
	0 mg/mL	Mean (a.u.)	0.14	1.46	3.69	6.00
		SD (a.u.)	0.08	0.11	1.24	0.23
	2.5 mg/mL	Mean (a.u.)	0.36	2.36	5.15	9.43
		SD (a.u.)	0.32	0.57	0.62	0.57
	Ratio ( 𝑴𝒆𝒂𝒏 𝒊𝒏 𝒑𝒓𝒆𝒔𝒆𝒏𝒄𝒆 𝒐𝒇 𝑵𝑺 𝑴𝒆𝒂𝒏 𝒊𝒏 𝒂𝒃𝒔𝒆𝒏𝒄𝒆 𝒐𝒇 𝑵𝑺 )		1.62	1.40	1.57
	SD			0.58	1.39	0.61

Table 13 .

 13 Table showing the mean and SD values of the tail moment measured using the comet assay.The ratios of the mean in presence of LuPO4:Pr 3+ over the mean in absence LuPO4:Pr3+ show an increase in the efficacy for the different doses of irradiation.

Table 1 .

 1 Effects of pure B[a]P in human skin. For gene expression, data were collected from 8 individual donors. Samples were normalized to GAPDH used as a reference gene. Formation of BPDE-N 2 -dGuo was inferred from the analysis of 6 to 12 donors.

		Mean fold increase ± SEM		BPDE-N 2 -dGuo
					adducts/10 6
		CYP1A1	CYP1A2	CYP1B1	bases ± SEM
	B[a]P 5 min	1.1 ± 0.1	1.3 ± 0.3	1.1 ± 0.2	0.0 ± 0.0
	B[a]P 24 h	18.6 ± 5.3 a	10.3 ± 3.5 a	9.5 ± 2.1 a,d	1.6 ± 0.4 a
	B[a]P 48 h	70.0 ± 19.4 a,b 59.3 ± 12.3 a,c,d 11.9 ± 1.3 a,d 22.6 ± 9.2 a,f
	B[a]P 72 h	10.6 ± 2.0 a	13.0 ± 7.1 e	4.0 ± 0.2 a	36.9 ± 11.7 c,e
	Statistically different compared to 5 min (p < 0.01); b Statistically different compared to 24 h and 72 h (p < 0.01); c Statistically different compared to 24 h (p < 0.05); d Statistically different compared to 72 h (p < 0.01); e Statistically different compared to 5 min (p < 0.05); f Statistically different
	compared to 24 h (p < 0.01).		

a

Table 1 .

 1 Yield of formation of Trp photoproducts following exposure to either UVB or simulated sunlight (SSL). Results are expressed in % of formations with respect to the initial amount of Trp per kJ cm À2 . The errors are the standard error of the slopes (n = 8 and n = 6 for UVB and SSL, respectively). , 2019, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/php.12950 by Inserm Disc Ist, Wiley Online Library on[15/12/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

		FICZ	NFKyn	Kyn	Trypta
	UVB	0.023 AE 0.002	95.1 AE 4.1	8.44 AE 0.19	0. 862 AE 0.054
	SSL	0.010 AE 0.002	31.2 AE 0.6	1.00 AE 0.04	0.038 AE 0.001

Figure 2. HPLC-MS/MS detection of 20 pmol of Kyn, NFKyn, Trypta and FICZ. The HPLC-MS/MS system was operated in the MRM mode with a gradient of acetonitrile in a 0.01% aqueous solution of formic acid. 240 Antonia Youssef et al.
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Table 2 .

 2 Yield

		FICZ	NFKyn	Kyn	Trypta
	Pure	0.077 AE 0.031 19.1 AE 4.1 6.92 AE 0.77 1.54 AE 0.33
	medium			
	1 mM Trp in	0.13 AE 0.02	23.4 AE 2.6 0.48 AE 0.04 0.15 AE 0.03
	diluted			
	PBS			
	1 mM Trp in	Not detected	24.9 AE 0.9 0.85 AE 0.06 0.67 AE 0.03
	medium			

of formation of Trp photoproducts in culture medium. Pure medium was exposed, as well as medium spiked with 1 mM Trp. A control experiment was performed with 1 mM Trp in solution in 10 times diluted PBS. Results are expressed in % of formation with respect to the initial amount of Trp per kJ cm À2 . Trp concentrations of 0.064, 1 and 1.064 were used for calculation in medium, PBS and Trp-spiked medium, respectively. The errors are the standard error of the slopes.

Table 2

 2 Increase

	in the
	expression of CYP450 genes
	upon exposure to PAH for 48 h
	and SSL

  Interaction of polycyclic aromatic hydrocarbons with human cytochrome P450 1B1 in inhibiting catalytic activity. Chem Res Toxicol 21:2313-2323 Siddens LK, Larkin A, Krueger SK et al (2012) Polycyclic aromatic hydrocarbons as skin carcinogens: Comparison of benzo[a]pyrene, dibenzo[def, p]chrysene and three environmental mixtures in the FVB/N mouse. Toxicol Appl Pharmacol 264:377-386 Smolarek TA, Baird WM, Fisher EP, DiGiovanni J (1987) Benzo(e)

		pyrene-induced alterations in the binding of benzo(a)pyrene and
		7,12-dimethylbenz(a)anthracene to DNA in Sencar mouse epider-
		mis. Cancer Res 47:3701-3706
		Soeur J, Belaidi JP, Chollet C et al (2017) Photo-pollution stress in
		skin: traces of pollutants (PAH and particulate matter) impair
		redox homeostasis in keratinocytes exposed to UVA1. J Derma-
		tol Sci 86:162-169
		Staal YCM, Van Herwijnen MHM, Pushparajah DS et al (2007) Modu-
		lation of gene expression and DNA-adduct formation in precision-
		cut liver slices exposed to polycyclic aromatic hydrocarbons of
		different carcinogenic potency. Mutagenesis 22:55-62
		Staal YCM, Pushparajah DS, Van Herwijnen MHM et al (2008) Inter-
		actions between polycyclic aromatic hydrocarbons in binary mix-
		tures: effects on gene expression and DNA adduct formation in
		precision-cut rat liver slices. Mutagenesis 23:491-499
		Swanson HI (2004) Cytochrome P450 expression in human keratino-
		cytes: an aryl hydrocarbon receptor perspective. Chem Biol Inter-
		act 149:69-79
		Tarantini A, Maitre A, Lefebvre E et al (2009) Relative contribution
		of DNA strand breaks and DNA adducts to the genotoxicity of
		benzo[a]pyrene as a pure compound and in complex mixtures.
		Mutat Res 671:67-75
		Tarantini A, Douki T, Personnaz MB, Besombes JL, Jafrezzo JL,
		Maitre A (2011a) Effect of the chemical composition of organic
		extracts from environmental and industrial atmospheric samples
		on the genotoxicity of polycyclic aromatic hydrocarbons mixtures.
		Toxicol Environ Chem 93:941-954
		Tarantini A, Maitre A, Lefebvre E, Marques M, Rajhi A, Douki T
		(2011b) Polycyclic aromatic hydrocarbons in binary mixtures
		modulate the efficiency of benzo[a]pyrene to form DNA adducts
		in human cells. Toxicology 279:36-44
		Teranishi M, Toyooka T, Ohura T, Masuda S, Ibuki Y (2010) Benzo[a]
	1. Introduction	pyrene exposed to solar-simulated light inhibits apoptosis and
		augments carcinogenicity. Chem Biol Interact 185:4-11
		Toyooka T, Ibuki Y (2007) DNA damage induced by coexposure to
		PAHs and light. Environ Toxicol Pharmacol 23:256-263
		Tsuji G, Takahara M, Uchi H et al (2011) An environmental contami-
		nant, benzo(a)pyrene, induces oxidative stress-mediated interleu-
		kin-8 production in human keratinocytes via the aryl hydrocarbon
		receptor signaling pathway. J Dermatol Sci 62:42-49
		VanRooij JG, Bodelier-Bade MM, De Looff AJ, Dijkmans AP, Jonge-
		neelen FJ (1992) Dermal exposure to polycyclic aromatic hydro-
		carbons among primary aluminium workers. Med Lav 83:519-529
		VanRooij JG, Bodelier-Bade MM, Jongeneelen FJ (1993) Estimation
		of individual dermal and respiratory uptake of polycyclic aromatic
		hydrocarbons in 12 coke oven workers. Br J Ind Med 50:623-632
		Villard PH, Sampol E, Elkaim JL et al (2002) Increase of CYP1B1
		transcription in human keratinocytes and HaCaT cells after UV-B
		exposure. Toxicol Appl Pharmacol 178:137-143
		von Koschembahr A, Youssef A, Beal D et al (2018) Solar simulated
		light exposure alters metabolization and genotoxicity induced by
		benzo[a] pyrene in human skin. Sci Rep. https ://doi.org/10.1038/
		s4159 8-018-33031 -8
		Xia Q, Chiang HM, Yin JJ et al (2015) UVA photoirradiation of
		benzo[a]pyrene metabolites: induction of cytotoxicity, reac-
		tive oxygen species, and lipid peroxidation. Toxicol Ind Health
		31:898-910

  Fig. 4. Repair of CPDs in NHK exposed to SSL only or with a preliminary B[a]P treatment. Cells from a first series of 3 donors exposed to 2 MED SSL after 24 h incubation with B[a]P at 0.1 or 1.0 μM. Cells from 2 other donors were exposed to 0.1 MED SSL with or without preliminary treatment with 0.1 μM B[a]P. Results are expressed in number of photoproducts per millions bases and represent mean ± standard error. Statistical significance with respects to SSL only

	**	**		
	*	**		
	24	h	8 4	h

⁎ : p < .05; ⁎⁎ p < .01.

  al., Controls are non-irradiated, DMSO-treated cells. Samples were collected immediately after irradiation. Data were obtained from two donors each studied in three independent cultures. Results are mean ± SEM. Statistical differences with respect to B[a]P/SSL: ⁎ : p < .05; ⁎⁎ : p < .01.

		14				
	bases 8-oxodGuo per 10 6	2 4 6 8 12 10	*	* *	* *	*
		0				
			Crtl	B[a]P	SSL	SSL/B[a]P B[a]P/SSL
	Fig. 6. Level of 8-oxodGuo in NHK exposed to 2 MED SSL, B[a]P, SSL/B[a]P
	and B[a]P/SSL with or without preliminary incubation with 1 μM B[a]P for
	24 h.					
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SCIENTIFIC REPoRTS| (2018) 8:14692 | DOI:10.1038/s41598-018-33031-8SSL protocol were factors higher than 10 were observed at 48 and 72 hours post UV-irradiation. In contrast, no significant variation in the expression of GSTA1, GSTP1 or EPHX1 was observed (data not shown).
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Radiation Dose-Enhancement Is a Potent Radiotherapeutic Effect of Rare-Earth Composite Nanoscintillators in Preclinical Models of Glioblastoma

Anne-Laure Bulin,* Mans Broekgaarden, Frédéric Chaput, Victor Baisamy, Jan Garrevoet, Benoît Busser, Dennis Brueckner, Antonia Youssef, Jean-Luc Ravanat, Christophe Dujardin, Vincent Motto-Ros, Frédéric Lerouge, Sylvain Bohic, Lucie Sancey, and Hélène Elleaume* To improve the prognosis of glioblastoma, innovative radiotherapy regimens are required to augment the effect of tolerable radiation doses while sparing surrounding tissues. In this context, nanoscintillators are emerging radiotherapeutics that down-convert X-rays into photons with energies ranging from UV to near-infrared. During radiotherapy, these scintillating properties amplify radiation-induced damage by UV-C emission or photodynamic effects. Additionally, nanoscintillators that contain high-Z elements are likely to induce another, currently unexplored effect: radiation dose-enhancement. This phenomenon stems from a higher photoelectric absorption of orthovoltage X-rays by high-Z elements compared to tissues, resulting in increased production of tissue-damaging photo-and Auger electrons. In this study, Geant4 simulations reveal that rare-earth composite LaF 3 :Ce nanoscintillators effectively generate photo-and Auger-electrons upon orthovoltage X-rays. 3D spatially resolved X-ray fluorescence microtomography shows that LaF 3 :Ce highly concentrates in microtumors and enhances radiotherapy in an X-ray energy-dependent manner. In an aggressive syngeneic model of orthotopic glioblastoma, intracerebral injection of LaF 3 :Ce is well tolerated and achieves complete tumor remission in 15% of the subjects receiving monochromatic synchrotron radiotherapy. This study provides unequivocal evidence for radiation dose-enhancement by nanoscintillators, eliciting a prominent radiotherapeutic effect. Altogether, nanoscintillators have invaluable properties for enhancing the focal damage of radiotherapy in glioblastoma and other radioresistant cancers.

A.-L. Bulin, M. Broekgaarden, V. Baisamy, A. it imperative that the LaF 3 :Ce nanoscintillators are well tolerated at high doses to achieve such concentrations. We first evaluated the toxicity of the LaF 3 :Ce nanoscintillators in glioblastoma spheroids to define the maximum tolerable dose in vitro. 3D culture models of cancer better recapitulate the in vivo features of cancer tissues compared to conventional monolayer cultures, [56] yet they remain high-throughput models to identify the effects of novel treatment regimens. [25,57,58] Moreover, 3D microtumor models are more accurate in predicting in vivo radiotherapy outcomes compared to conventional 2D cultures, as we previously discussed. [59] Two glioblastoma spheroid models were established from two radioresistant glioblastoma cell lines: rat F98 [60,61] and human U-87 MG. [62,63] The toxicity of the LaF 3 :Ce nanoscintillators was investigated using dose-escalation studies by assessing the size and viability of the spheroids after 24 h of exposure. In F98 spheroids, the IC 50 of the LaF 3 :Ce nanoscintillators was 2.9 ± 0.1 mg mL -1 (Figure 3A,B), with no notable decrease in viability observed at concentrations below 1.0 mg mL -1 LaF 3 :Ce. When plotting the viability as a function of the spheroid area, a concentration of 5.0 mg mL -1 was shown to decrease the spheroid viability down to approximately 20% combined with larger and more heterogeneous spheroid areas (Figure 3C). The latter is indicative of spheroid disruption and loss of cell-cell adhesions. At higher concentrations, the viability is homogeneously decreased and the spheroids are undergoing further disruption, leading to a heterogeneous distribution of spheroid areas within each treatment group. In comparison to spheroids composed of F98 cells, the U-87 MG spheroids were less sensitive to LaF 3 :Ce toxicity (Figure S2, Supporting Information). Based on spheroid viability, the IC 50 of the LaF 3 :Ce was 5.2 ± 0.2 mg mL -1 (Figure S2B, Supporting Information). When plotting the viability in relation to the spheroid area, it is shown that the viability of U-87 MG spheroids exposed to 5.0 mg mL -1 is homogenously decreased to 50%, while their size remains widely distributed. However, for higher concentrations, the viability is reduced to ≤20% and the spheroid area also strongly and homogeneously decreases (Figure S2C, Supporting Information).

Taken together, our results indicate no acute toxicity of concentrations up to 1.0 mg mL -1 of LaF 3 :Ce nanoscintillators in both glioblastoma spheroid types. Further experiments were performed with a concentration of 0.1 mg mL -1 , to ensure a nontoxic regimen.

www.advancedsciencenews.com www.advancedscience.com tuning the X-ray energy may affect the light yield as well as the timing properties of the materials but not the emission spectra determined by the activator itself.

Geant4 Simulations: Geant4 (version 4.10.6, patch 01), a free toolkit released by an international consortium, [54] was used to generate the spectra of secondary electrons and photons generated when X-ray photons interact with either LaF 3 :Ce or water. The Livermore low energy package was used as it is the most suitable package to simulate low energy interactions with inorganic materials. The geometry was identical as we previously described. [29] Briefly, a rod-like structure of LaF 3 :Ce (1 nm 2 area and 1 mm long) was placed in the middle of an empty sphere representing the "Sensitive Detector," able to histogram the secondary particles. The LaF 3 :Ce rod was subjected to a monochromatic X-ray radiation that interacts in the center of the 1 nm 2 surface. The energy of the X-rays was tuned at 30 keV, 50 keV and 80 keV. For each condition, the LaF 3 :Ce rod was irradiated by a minimum of 1.10 6 photons. As a control, the LaF 3 :Ce rod was replaced by a similar rod composed of water (1 nm 2 area and 1 mm long) that represents tissues.

Cell Culture and Reagents: Glioblastoma cell lines U-87 MG (human) and F98 (rat) were obtained from the American Type Culture Collection (ATCC). The two cell lines were maintained in Dulbecco's modified eagle's medium (DMEM, high glucose, Glutamax, ThermoFisher) supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin. The cells were maintained at standard culture conditions (37 °C, 5% CO 2 ) and were typically passaged twice a week with a ratio of 1:8 and 1:10 for U-87 MG and F98, respectively.

Tumor spheroids were formed by seeding cells in ultra-low adhesion 96-well plates (Corning). Cells were plated at a density of 5000 cells per well by adding 100 µL of a 50000 cells.mL -1 suspension in each well. Spheroids were typically formed within a few hours. Spheroids were imaged daily using a Zeiss AxioObserver Z1 videomicroscope at 10X magnification. Spheroid area and growth were derived from the bright-field images using a customized Matlab code that binarizes images using an adaptive thresholding allowing to outline the spheroid.

In all experiments, nanoparticles were added to the spheroid culture medium 24 h after culture initiation. Nanoparticle suspensions were prepared with twice the desired concentration in full medium, and 100 µL of this 2X-concentration suspension was added in the wells that already contained 100 µL of medium, in order to reach the desired concentration.

Viability and Necrosis Assay: To quantify the viability and the necrotic population, a live/dead protocol that was previously optimized was used. [57,77] Two control groups were needed for this assay: a no treatment group and a group where 100% of the cells were necrotic. This second group was referred to as the "total killing (TK)" group. To prepare the TK control group, the spheroids were first fixed for 2 min in 50 µL of 4% paraformaldehyde prepared in PBS (without Ca 2+ , Mg 2+ , Gibco). The 50 µL paraformaldehyde were then replaced by 50 µL of Triton X-100 to permeabilize the cellular membranes. After 45 min incubation, spheroids were washed twice using 100 µL of 0.1 mol.L -1 glycine to remove any remaining traces of Triton X-100. Finally, the spheroids from the TK groups were left in 100 µL of PBS. The staining solution was then prepared in PBS to reach 4 µm calcein AM and 6 µm propidium iodine (PI). The volume of each well containing a spheroid was brought to 50 µL, to which 50 µL of this live/dead mix was added. After 30 min incubation at standard culture conditions, the spheroids were imaged using a Zeiss LSM 710 confocal laser scanning microscopy at either 5X or 10X objectives (NA 0.3). The live (cleaved calcein AM emission) and dead (PI emission) fluorescent signals were collected at 𝜆 exc = 488 nm/𝜆 em = 500-540 nm and 𝜆 exc = 560 nm/𝜆 em = 600-650 nm, respectively. The viability and extend of necrosis were then derived using the CALYPSO methodology as previously described. [57] Statistical Analysis for In Vitro Experiments: All statistical analyses were performed using Graphpad Prism 8 (La Jolla, CA). For each experiment, the spheroid size and necrosis (PI fluorescence intensity) were normalized to the no treatment controls. Automated outlier removal was then applied (ROUT method, Q = 2). All data passed the D'Agostino & Pearson normality test and were thus statistically analyzed using One-way ANOVA and Sidak's multiple comparisons test. Logistic growth fits were applied to www.advancedsciencenews.com www.advancedscience.com and withdrawn from 0.5 mm, so that the injection would be performed at 5.5 mm deep. 20 µL of a suspension of increasing concentration of LaF 3 :Ce in PBS were injected at a constant speed of 1 µL.min -1 controlled by a syringe pump (KDS310; Geneq, Inc., Montréal, Quebec, Canada). After the injection was completed, the needle was left in place for 1 min before being slowly removed. The hole in the skull was filled with bone wax, the surgical field was cleaned using a povidone-iodine solution and the scalp was sutured. The concentration of LaF 3 :Ce nanoparticles was doubled every day unless a toxic reaction was observed in the previous groups. All the animals were observed and weighted daily after the injection. For each group, blood samples (500 µL) were collected 30 min, 7, and 14 days after the injection was completed, under isoflurane anesthesia; the anesthesia was initiated with 4% isoflurane in an induction chamber and maintained with 1.5% isoflurane delivered by a mask. The blood samples (500 µL) were collected in 2 mL Eppendorf tubes through an iv catheter (Becton Dickinson Insyte-N 24G yellow) placed in the tail vein; both the catheter and the tube were rinsed with heparin before use.

Quantification of the Hepato-, Nephro-, and Cardiac Toxicity: Between collection and processing, the samples were kept on ice. They were centrifuged for 5 min at 10000 rpm to separate the plasma from the blood cells; the plasma (supernatant) was transferred into a 500 µL Eppendorf tube and stored at -80 °C. The plasma samples were analyzed using a M-Scan II (Melet-Schloesing Laboratories) and the VET-16 reagent rotors, with which plasma concentrations of aspartate transaminase and alanine transaminase , creatinine and urea, and creatine kinase were determined as markers of hepato-, nephro-, and cardiac/muscle toxicity, respectively.

Orthotopic Tumor Inoculation through Stereotaxic Surgery: Approximately 6 weeks old male Fischer rats (average weight: 233 g) were purchased from Charles River Laboratory (L'Arbresles, Rhône, France). The injection of F98 glioblastoma cells was performed using the anesthesia protocol described in the section "Assessment of the LaF 3 :Ce toxicity in vivo." The surgery was performed using a stereotactic headframe (David Kopf instruments, Tujunga, California) on which a heating pad was installed to prevent body temperature loss. The F98 rat glioma cells were injected into the right caudate nucleus using a Hamilton syringe (1702N-32G-25 mm). A skin incision was made, the skull was exposed and a burr hole was drilled 3.5 mm to the right of the bregma. [61,67,81-83] The needle was first inserted to a depth of 6 mm below the skull surface and then withdrawn from 0.5 mm before injecting the cells. 1000 cells (5 µL of a 200000 cells.mL -1 suspension in DMEM) were stereotactically injected at a controlled speed of 1 µL.min -1 using a syringe pump (KDS310; Geneq, Inc., Montréal, Quebec, Canada). After tumor cell implantation, the needle was left in place for 1 min and then slowly withdrawn. The hole left in the skull was filled with bone wax and the surgical field was cleaned with a povidone-iodine solution before the scalp was sutured. After surgery, the rats were housed in a controlled environment at 21 °C with a day/night cycle of 12 h, no more than three rats per cage; they all had access ad libitum to water and standard laboratory food. Procedures related to animal care conformed to the Guidelines of the French Government.

Convection Enhanced Delivery (CED) of LaF 3 :Ce Nanoparticles in Tumor Bearing Rats: Fourteen days after tumor implantation, 20 µL of a suspension of 50 mg mL -1 LaF 3 :Ce in PBS were injected intratumorally at the exact same stereotactic coordinates used for previous intracerebral tumor implantations. The anesthesia procedure was identical to the one used for tumor implantation and previously described. The ophthalmic ointment was applied and the animals were placed on the stereotactic headframe over a heating pad. The scalp incision was reopened and the bone wax was removed with a needle. The nanoparticles were injected using a Hamilton syringe (1702 RN, 32/25 mm/4) at a constant speed of 1 µL.min -1 controlled by a syringe pump (KDS310; Geneq, Inc., Montréal, Quebec, Canada). After the injection was completed, the needle was left in place for 1 min before being slowly removed. The hole in the skull was filled with bone wax, the surgical field was cleaned using a povidone-iodine solution, and the scalp was sutured.

Pharmacokinetics of the LaF 3 :Ce Nanoparticles in Glioblastoma-Bearing Rats: LaF 3 :Ce nanoparticles were injected 14 days after tumor implantation through iv injection in the tail vein (N = 8 animals, 1 mL of 35 mg mL -1 suspension in PBS injected at a rate of approximately 200 µL.min -1 ) or through CED infusion (N = 8 animals, 20 µL of 50 mg mL -1 suspension in PBS injected at a pace of 1 µL.min -1 ). As a control, four rats received an injection of 20 µL of the vehicle (PBS) through CED injection. 30 min post-injection, four animals that received an iv injection, four animals that received a CED injection of nanoparticles, as well as two animals that received a CED injection of the vehicle were euthanized and their organs (brain, liver, kidneys, and spleen) were collected. The brains were first frozen by immersion in cold liquid isopentane. All the organs were stored at -80 °C for inductively coupled plasma mass spectrometry (ICP-MS) analysis. The remaining animals were euthanized 24 h post injection and their organs were collected, stored and analyzed in the same way. As this concerned an exploratory study, a minimal sample size of three rats/group was included. Given the fact that this experiment concerned diseased animals (i.e., carrying orthotopic glioblastoma), it was anticipated that the repeated anesthesia could prove lethal to some animals and thus included an extra animal in each group. Throughout the study, no animals died as a result of the experimental procedures, and the depicted data were thus obtained from a total of N = 4 rats/group.

ICP-MS Analysis to Quantify La in the Organs: Before analysis, the organs were weighted and digested. Briefly, the organs were first dissolved by immersion in a typical volume of 5 to 8 mL of nitric acid in closed perfluoro-alkoxy tubing kept in a cold environment for 5 days. They were then placed on a heating plate and maintained at 95 °C for 12 h until the content of the tube became completely clear. The samples were then diluted and their content in lanthanum was subsequently measured using a Triple Quadrupole ICP-MS.

Tumor Imaging Using MRI: MR imaging was performed at the IR-MaGe platform from the Grenoble Institute of Neurosciences using a 4.7-Tesla MRI machine (Avance III console; Bruker). The procedures were performed under isoflurane anesthesia induced in a chamber with 4% isoflurane and maintained with 1.5% isoflurane using masks installed in the MRI magnet. A T2-weighted sequence was acquired for each animal; this sequence can distinguish the tumor without injecting a contrast agent. The images were acquired 12 days post tumor implantation in order to randomize the animals in each treatment group based on the size of the tumor 2 days before treatment. Thus, each group contained equivalent numbers of animals bearing large and small tumors.

CT Imaging and Data Analysis of LaF 3 :Ce Nanoparticles Distribution: The tomography images were acquired using a high-purity Germanium detector (Eurisys Mesures, Lingolsheim, France) with 0.35 mm pixel size, installed on the medical beamline (ID17) at the European Synchrotron Research Facility (ESRF, Grenoble, France). [84] Upon ketamine/xylazine anesthesia delivered using the same protocol described for the tumor inoculation, the animals were installed in a vertical position on a stereotactic frame and imaged when rotating. Coronal CT scans (1-mm slice thickness, 1-mm spacing) were acquired before completing the radiotherapy treatment, that is, 30 min after LaF 3 :Ce injection as well as at various time points after injection. Image reconstruction was performed using the SNARK filtered back projection algorithm. [85] The lanthanum concentrations in all voxels of the rat brain were calculated as we previously described, [86] using (𝜇/𝜌) La = 14.47 cm 2 .g -1 and (𝜇/𝜌) ICRU4 Tissue = 0.226 cm 2 .g -1 at 50 keV. [53] Monochromatic Synchrotron Radiation Therapy: For both in vitro and in vivo experiments, radiation therapy was delivered by a monochromatic X-ray beam on the medical beamline (ID17) at the ESRF. X-rays of three different energies (30, 50, and 80 keV) were used for in vitro experiments, whereas the beam energy was fixed at 50 keV for the preclinical study. In vitro irradiations were delivered from a single incidence using a 100 mmwide, 1 mm-high beam. The plate containing the cells was inclined 30°relative to the incident X-ray beam. The plate was scanned vertically through the X-ray beam to irradiate a total height of 8 cm. The X-ray dose rate was measured using an ion chamber (UNIDOS PTW 31 002, Freiburg, Germany) and the number of scans required to deliver the prescribe dose was calculated.

For in vivo experiments, the radiotherapy was delivered stereotactically. The animals that were still anesthetized (ketamine/xylazine) from the injection of the nanoparticles were set on a stereotactic frame, in a ver-
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