Claude Le Sech 
email: claude.lesech@universite-paris-saclay.fr
  
Ryoichi Hirayama 
  
Dual aspect of radioenhancers and free radical scavengers

Keywords: Radiosensitizers, Nanoparticles, Hydroxyl radical, Free radical scavengers

Combining an external beam of ionizing particles with agents to augment the dose effects of cell damages for therapeutic purpose is an important goal of radiotherapy. This last decade intensive works have focused on metal compounds or metal nanoparticles as radiosensitizers to increase the oxidative damages under irradiation. In principle the nanoparticles can be coated with a functionalized shell, to achieve a specific targeting of the tissues, making such approach attractive. The functionalized coating is made of polymers. These molecules are able to scavenge the free radicals, thus, the coating can decrease the overall efficacy of the radiation.

The purpose of the present model is to analyse the role of free hydroxyl radicals in the dual behaviour of the added agent. Consideration of the efficiency of the added agents versus the Linear Energy Transfer -LET -of the ionizing particles is made. It is shown that an efficient agent combined with a low-LET particle beams might become less efficient when high-LET particles like heavy-ions are used. These general considerations should be useful to optimize the design of the nanoparticles to be combined with the different kind of ionizing particles.

Introduction

When a beam of Ionizing Particles (IP) -light-or heavy-ions -is sent to living cells many inelastic processes are produced at the atomic and molecular level. Water being the major component of the cells, the water radiolysis induced by the ionizations or excitations, in the water molecules generate Reactive Oxygen Species -ROS -. Several studies have shown that the main mechanism of DNA damages induced by X-rays, gamma-rays or heavy-ions, is through the production of water radicals, the most important being•the free hydroxyl radical (HO°). The HO° is able to induce up to 70-80% cell inactivation in mammalian cells [START_REF] Ito | Contribution of Indirect Action to Radiation-Induced Mammalian Cell. Inactivation: Dependence on Photon Energy and Heavy-Ion LET[END_REF][START_REF] Hirayama | OH Radicals from the Indirect Actions of X-Rays Induce Cell Lethality and Mediate the Majority of the Oxygen Enhancement Effect[END_REF]. These highly reactive radicals can rupture molecular bonds and oxidise bio-molecuels like proteins of intracellular structures, such as mitochondria or membranes. The cell injuries are caused by mainly the latter effect -indirect action -or by the secondary electrons directly interacting with critical target like DNA -direct action -. Many experiments made in presence of free radicals scavengers, like the dimethyl sulfoxide (DMSO), have demonstrated that the major part of DNA scissions in plasmids [3] or cell damages, resulting in the cell death in a clonogenic assay [START_REF] Usami | Mammalian cells loaded with platinumcontaining molecules are sensitized to fast atomic ions[END_REF], should be attributed to the HO° attacks.

The interest to augment the cell death for a therapeutic purpose in cancer therapy is evident.

The combination of IP and added agents able to augment the cell death rate -radiosensitizersis an attractive way and presently many studies concern this problem.

In the past decade there has been growing interest in using high-Z atoms as radiosensitizers.

Metal compounds, or nanoparticles, containing high-Z atoms are actively studied. We recommend two recent reviews for a comprehensive account of this field of research [START_REF] Gill | Transition metal compounds as cancer radiosensitizers[END_REF][START_REF] Haume | Gold nanoparticles for cancer radiotherapy: a review[END_REF].

When radiosensitizers containing high-Z atom are present, it is generally accepted that the inner electronic shells can be excited by the secondary electron emitted along the track of the incident IPs, see for example and references therein [START_REF] Kobayashi | Enhancement of X-rays-induced breaks in DNA bound to molecules containing platinum : a possible application to hadrontherapy[END_REF]. The HO° concentration is augmented by the extra water radiolysis induced by the Auger electrons emitted by the relaxation of the excited inner-shell core. The concentration of augmented free radical explains the amplification of the dose effects when IP are combined with such radiosensitizers. One of the reasons to consider nanoparticles, invoked in many works, is the possibility of targeting selectively a tissue and to make the nanoparticles soluble and stable. These properties require to apply a sophisticated coating made of polymers. For instance up to 60 functionalized ligands -polyethylene glycol PEG - [START_REF] Haume | Gold nanoparticles for cancer radiotherapy: a review[END_REF] are attached to make the gold nanoparticles stable with water solubility and liposolubility. Understanding the role of the coating is important.

Gilles et al. [START_REF] Gilles | Gold nanoparticles functionalization notably decreases radiosensitization through hydroxyl radical production under ionizing radiation[END_REF] and Xiao et al. [START_REF] Xiao | On the role of lowenergy electrons in the radiosensitization of DNA by gold nanoparticles[END_REF] have attributed the decrease of the HO° yield, in presence of gold nanoparticles coated with PEG, to the capture by the coating of some secondary electrons emitted by the activated nanoparticles, thus resulting in less HO° induced.

Another role of the coating, important to be considered, is its HO° scavenger component. Any molecule -or complex of molecules like functionalized coating -have a scavenging component. The added agent has a dual behaviour: radiosensitizer and free radical scavenger.

It is important for the optimization of the radiosensitizers, used with different IP, to understand the role of the parameters governing the fine balance of the dual behaviour.

The qualitative model proposed below is rooted in previous works [START_REF] Usami | Mammalian cells loaded with platinumcontaining molecules are sensitized to fast atomic ions[END_REF][START_REF] Usami | Nanobiomaterials in Cancer Therapy[END_REF][START_REF] Usami | Combination of agents modifying effects in hadrontherapy: modelization of the role of HO°free radicals[END_REF] where the role of free radicals have been studied. The concern of the present work is to make a model to analyse the efficiency of the added agents when different kind of IPs, with different LET values are considered. Stated differently we address the simple question: is an efficient radioenhancer when used with gammas-rays, X-rays -particles with low-LET value about 0.4 keV/µm-also relevant when combined with an ion beam like carbon C 6+ , the LET being in the range 45 -300 keV/µm for the clinical beam.

Qualitative model of the role of the hydroxyl radicals

When the external beam is sent to the sample let us call r the net rate of free radical induction, including the recombination between HO°, available for the oxidative damages in the cell.

The steady state of the HO° concentration when the cells, without any added molecule, are irradiated by the external beam is given by: 
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When the coating is present k[NP] corresponds to the additional HO° scavenging component by the coating, the steady state [HO°]'' of the HO° read now:
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Surviving fraction of irradiated cell

The surviving fraction of the irradiated cells is often studied versus the dose D (Joule/kg) delivered in the sample, by the celebrated Linear Quadratic law -LQ -.
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The presence of modifying agents -radioenhancers -does not change the value of the dose D, but augments the effects of the dose. The radiobiological constants α, β do not describe any mechanism related to the cell death. This law constitutes a phenomenological model.

Hydroxyl radical attacks are known to be the major mechanism of cell death induction as stated above.

In order to take into account, the role of the HO°, an explicit dependence of their concentration of the radiobiological constant α is proposed. Only the linear term αD is considered, taking into account the 2βD term will not change the analysis discussed below.

Expression of α in the different irradiated cell samples in presence of nanoparticles

The free radicals HO° attacks are governed by a first order reaction rate law as seen above.

Let us define a constant δ such that δ[ΗΟ°]c stands for the fraction of the HO° attacks inducing cell death through the LQ law. Another constanta -is added to account for all the other processes not mediated by the HO° attacks, like direct processes, leading to cell death.

Explicit knowledge of the constanta -is not necessary, it cancels at the end of the model. In the control sample αc is written:
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When a nanoparticle is present αNP becomes, with the help of equation ( 3)
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The specific contribution to the sensitization by the nanoparticle NP is ∆α = (αNP -αc), can be written with the help of equation ( 3
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, a is assumed to be small compared to δ[HO°]c

The dual role of the nanoparticle is revealed in equation (3'), the discussion of the sign is obviously the same as in inequality (3). The added agent behaves as a radiosensitizer when ∆α is positive. When ∆α is negative it becomes a radioprotector.

Illustration of the efficiency of the radiosensitizer versus the LET

It is worth to illustrate with a semi-quantitative example the behaviour of the ratio ∆α/αc versus r. The rate r of the HO° production is not known. We prove below that r is proportional to the LET of the heavy-ion beam. The contribution to ∆α of the added agent r' is bounded in all cases. The first step is to show that α is proportional to the LET.

In the reference [START_REF] Usami | Mammalian cells loaded with platinumcontaining molecules are sensitized to fast atomic ions[END_REF] the radiobiological constants αc and αPt are reported in a wide range of LET values for the surviving fraction of CHO cells irradiated by He 2+ -or C 6+ -ions. Values for αPt stand for the cells added with a platinum salt, and we take ∆α = αPtαc. The table 1 displays the data for αc, and αPt versus the LET values.

LET (keV/µm) / Ions 2/He 2+ 7/He 2+ In the figure 1 Mainly nanoparticles containing high-Z atoms are concerned in this model. A different class of radiosensitizers containing no high-Z atoms, like deoxyglucose or glucocorticoids and many other chemicals, is an active field of studies [START_REF] Usami | Combination of agents modifying effects in hadrontherapy: modelization of the role of HO°free radicals[END_REF][START_REF] Lin | D 2 -D-Glucose-induced Cytotoxicity and Radiosensitization in Tumor Cells is Mediated via Disruptions in Thiol Metabolism[END_REF]13]. Such molecules are called metabolic radioenhancers from the induced inhibition of the metabolic cell defences and cell repairs, in presence of these molecules, contributing to the radio enhancement. We just mention that they should also present a dual behaviour radioenhancers/radioprotectors, depending on the LET of the heavy-ion beam [START_REF] Usami | Combination of agents modifying effects in hadrontherapy: modelization of the role of HO°free radicals[END_REF]. For example, the contributions of HO° are considered to be high even for carbon-ion clinical beams [START_REF] Maeyama | Production of a fluorescence probe in ion-beam radiolysis of aqueous coumarin-3carboxylic acid solution-2: Effects of nuclear fragmentation and its simulation with PHITS[END_REF]. Radioprotectors agents in normal tissues and radioenhancers for tumors are likely to be effective with high-LET IPs such as carbon-ions.

Conclusion

When applying coating to nanoparticles intended for radiosensitising agents is that the coating may absorb some HO°, decreasing the efficiency. The present work proposed a criterion to optimize the radiosensitisers efficiency combined with ionizing particles at different LET. An agent irradiated with low-LET IPs might become less effective when high-LET IPs are used. 

  In the equation above the radicals HO° react with the cellular biomolecules: proteins, glutathione, SOD, catalase … These biomolecules, with concentration [Si], scavenge the free radicals, they are the natural defences of the cell against any oxidative stress. The reaction rate of HO° on the different scavengers [Si] is ki. The HO° are the most oxidant in ROS, there is no barrier for such oxidative reactions. Let us assume a metal-based nanoparticles is present without any coating -a metallic core -, the steady state of the extra HO° induction HO° is called r': The total HO° concentration becomes [HO°]'

  concentration [HO°]'' is depleted by the scavenging rate of the coating by 1/(1+K[NP]) compared to [HO°]'. The equation (3) gives a simple obvious criterion to answer the above addressed question: The HO° concentration [HO°]'' is greater than [HO°]c when: tells us that the relative radiosensitizing properties of the combined agent decreases when r, related to the LET of the external beam, augment. An efficient radioenhancer used with low-LET IPs might become less efficient when high-LET IPs are used. The right-hand side of the inequality (4) stipulates that the scavenging component of the added coating of the nanoparticles should be as small as possible. In some cases, the scavenging rate of the coating -assuming it is not saturated -might oversize the extra HO° production by the metal. In fine the effectiveness of the nanoparticles is quenched because the concentration of the [HO°] free radicals will be less compared to the sample without any added agent.
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Table 1

 1 

	13/C 6+ 30/C 6+ 70/C 6+

We believe that these considerations give a pathway towards the rational design of potent radiosensitizers, and their usefulness in radiotherapy. It is probably best to introduce radiosensitizers when low-LET radiations considering such as gammas-rays, X-rays, protons or helium-ions. In these conditions, the scavenging rate is expected to be smaller than their radiosensitizing contribution. A good candidate for any IPs, should by a small molecule, containing a high-Z-atom, with few cytotoxicity or systemic toxicity and a selective metabolic uptake by transformed cells.