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For the first time, overproduction of hydroxyl radicals (HO

• ) induced by plasma hydrogenated detonation nanodiamonds (H-NDs) under X-ray irradiation is reported. Using coumarin (COU) as a fluorescent probe, we reveal a significant increase of 40% of the HO

• production in presence of H-NDs (6-100 g/ml) compared to water alone. This effect is related to the negative electron affinity of the hydrogenated nanodiamonds and illustrates the ability of H-NDs to produce reactive oxygen species probably via electron emission in water under X-rays irradiation. Detonation nanodiamonds (NDs) among all carbon nanomaterials possess outstanding chemical and physical properties to be used in many cross-disciplinary applications. Their small size 1 , hardness and low friction coefficient 2 , chemical resilience 3 , thermal conductivity 4 , colloidal stability 5 and biocompatibility make NDs an appropriate material for nanocomposites 6 , sensors 7 , nanophotonics but also for bio-and electrochemical uses 8,9 . In addition to that, well-controlled mass production and tuned-surface chemistry make NDs widely available and versatile material. The miscellaneous chemical surface obtained after production brought end-users to develop techniques to control NDs' surface e.g. homogenisation

10

. Mass treatments (air or vacuum annealing, wet chemistry and plasma activation) leading to oxidised 11 , hydrogenated 3 and graphitised 12 NDs have been mostly explored as well as NDs corresponding properties and behaviours 10,[START_REF] Arnault | Novel Aspects of Diamond[END_REF] . Focusing only on the hydrogen-terminated surface, homogenisation of the NDs introduced via annealing or plasma treatment leads to a modification of their colloidal properties 3,14 resulting in positive zeta potential (ZP) in aqueous solution 5 providing colloidal stability . At the same time, hydrogen surface homogenisation of the NDs drives to a modification of their electronic structure. Bolker et al. demonstrated that the particles exhibit a negative electron affinity (NEA) 17 after a plasma hydrogenation similar to the one observed for bulk hydrogenated diamond materials. Kondo et al.

showed that electrical conductivity of NDs appears when hydrogen is successfully incorporated by thermal annealing on the surface of nanodiamonds . This property originates from the surface transfer doping occurring by adsorption of molecules onto the hydrogenated diamond surface. In parallel, Robert Hammers' team recently started to investigate the electron emission properties in water of hydrogenated diamond materials 19,20,21 . For instance, in the pioneering paper of Zhu et al. 22 , they reported that hydrogenated bulk diamond electrodes can be used as a solid-state source of solvated electrons in water upon UV excitation. These solvated electrons can then induce novel reactions such as CO 2 reduction to CO 19 or N 2 to NH 3

23

. Concerning nanodiamonds, such electron emission in water from hydrogenated particles has not been directly investigated so far but indirect hints arise from recent publication related to therapeutic applications of H-NDs. For instance, in 2015 Grall et al. showed that more cell death was induced in radioresistant cancer cells when combining H-NDs and gamma rays correlated to more reactive oxygen species measured after 1 and 24h after irradiation 24,25 .

In this context of promising prospects around the hydrogenated diamond as a source of solvated electrons and to potential new applications such as radiotherapy enhancer for nanodiamonds, this paper aims to investigate the creation of hydroxyl radicals (HO . This property has been widely used with other nanoparticles (NPs), like gold 28,29 , for detection and quantification of HO

• due to its simplicity, selectivity and high sensitivity.

The 5 nm detonation nanodiamonds powder provided by PlasmaChem Company (Germany) were modified via air annealing and microwave plasma hydrogenation leading to carboxylated NDs (Ox-NDs) and hydrogenated NDs (H-NDs), respectively. Ox-NDs were used as a reference material because electron emission is not expected due to its positive electron affinity (PEA) 30 . Both materials were dispersed in ultra-pure water by sonication and centrifugation [ †ESI] in order to obtain two stable colloidal suspensions possessing similar colloidal properties. The obtained NDs water suspensions were characterised in terms of hydrodynamic radius, ZP and surface terminations via DLS measurements and FTIR spectroscopy. XPS and Raman characterizations of plasma hydrogenated nanodiamonds were previously reported 

H-NDs

Ox-NDs increase of 7-OH COU concentration according to the X-ray dose depicts the standard radiolysis phenomenon. In the presence of NDs, the linear increase is preserved, and the slopes tend to rise according to accumulative H-NDs concentration, while they stay relatively stable with some small fluctuations within an error bar in the presence of Ox-NDs. Both findings: the linearity of the curves and the slope evolution, observed only for H-NDs, reveal that an overproduction of 7-OH COU occurs only for hydrogen-terminated nanoparticles. This supports the hypothesis of non-photoactivity of Ox-NDs. Slope values of all these experiments were then divided by the slope for coumarin only and plotted according to the NDs concentration. (Fig. 2) For each concentration, at least 2 independent experiments with 8 different doses each time were taken into account. Note that all these slopes represent the formation yield of 7-OH COU, also called G-value. At ND concentration = 0 µg/ml, the value of 1 describes the yield of 7-OH COU occurring during the water radiolysis, which corresponds to a known value of HO • in the conditions used, and equal to 200 nmol/J (horizontal grey line). Thanks to this conversion, a second scale reporting the direct HO • production yield can be added to Figure 2.

This first part of the curve definitely supports the hypothesis about the photoemission from the H-NDs surface leading to the overproduction of HO • , with a concentration dependence of the phenomenon (diagonal grey line). The maximum value obtained is 40% higher compared to the water radiolysis alone at a concentration of 30 µg/mL of H-NDs. Ox-NDs appear here as a negative control, the experiments show no HO • overproduction and hence a lack of electron emission from the carboxylated surface due to their PEA. Secondly, above 30 µg/ml of H-NDs, the G (HO • ) values seem to saturate. The reason of that is not elucidated so far and maybe linked to recombination of radicals

28

. Another related option can rely on the oxidation of the H-NDs under the production of highly reactive HO

• . Abstraction of hydrogen atoms by hydroxyl radicals has already been proposed in the literature, leaving dangling bonds which can react with water molecules forming some oxidized terminations

23

. The small decrease of the fluorescence signal can also be linked to a quenching effect, often observed for fluorescence measurements in presence of NPs. However, as shown in figure ESI S4, by the addition of salt and centrifugation of the post-irradiated samples, 95% of the fluorescence can be recovered. Consequently, the decline in the G (HO • ) signal seems to be directly related to the specific H-ND surface properties.

The most important finding to emerge from this study is that NEA of H-NDs gives rise to/ is correlated to measurable overproduction of ROS in the aqueous environment, most probably resulting from emission of electrons under X-Ray. In this paper, we investigated only hydroxyl radicals which are the major deleterious species in a biological environment supplying the concept of electron emission from the hydrogen-terminated NDs. Same results were obtained with different commercial sources of detonation NDs (e.g. Adamas,

USA and NanoCarbon Research Institute, Japan), exhibiting different level and nature of impurities, proving that the electron emission is source independent and depends only on -H terminations of the surface of NPs.

To conclude, for the first time, the overproduction of HO • in the presence of H-NDs under biologically relevant doses of low keV Xray irradiation is reported. A significant increase of +40% of the 7-OH COU production in the presence of 30 µg/ml H-ND is observed. These results support that electron production is enhanced on Hterminated NDs treated by microwave hydrogen plasma. This effect is also coherent with NEA property of 5 nm NDs. In addition, this effect is not observed for Ox-NDs where electron emission is less favourable due to PEA 30 . These results obtained for ND concentrations and X-ray doses compatible with biological studies, confirm the promising utility of H-NDs as radiosensitizers.
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 26 • ) in water from H-NDs under X-Ray radiation using coumarin as a probe. HO • are among the major products of water radiolysis, however, they are characterised by a short lifetime (ns range) and low diffusion range often inducing indirect detection and quantification Since 1965, coumarin and its non-hydroxylated derivatives have been studied showing weak fluorescence properties but in the presence of HO • , COU immediately hydroxylates giving several hydroxycoumarins, among which only 7-OH COU possesses a high fluorescence yield 27
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 1111 Fig.1. (A and C) Representative data of fluorescence spectra for coumarin (dash line) and coumarin with 30 µg/ml of H-NDs (A) and Ox-ND (C) (solid line). Data collected for both non-irradiated (black) and irradiated samples of two representative doses of Xray irradiation (6.7 Gy -red and 13.3 Gy -blue). The highlighted grey area indicates part of the spectrum with the highest 7-OH COU fluorescence intensity, the maximum was recorded at 452 nm and used for further HO • quantification. Graphs B and D depict the 7-hydroxycoumarin concentration given in nM according to the irradiated dose (Gy) for H-ND (B) and Ox-ND (D) at 6, 10 and 30µg/mL. Slopes of linear fits represent the Gvalue of 7-OH COU in nM/J.

Fig. 2 .

 2 Hydroxyl radicals overproduction as a function of ND concentration for H-ND (red) and Ox-ND (blue). The left Y -axis shows normalization to water radiolysis. The right Y-axis shows the corresponding G-values in nmol/J for HO • radicals. The horizontal line represents production in water.
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