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Introduction

ROS are important by-products of aerobic metabolism, involved in various diseases, but they also play a major part in cell signaling [START_REF] Bartosz | Reactive oxygen species: destroyers or messengers?[END_REF]. Spin trapping with cyclic nitrones combined to ESR is the gold standard for the detection of oxygen radical species, such as superoxide (O2 .-) or hydroxyl radical (HO . ), in cellular systems [START_REF] Janzen | Spin Trapping[END_REF][START_REF] Green | The production of hydroxyl and superoxide radicals by stimulated human neutrophils -measurements by EPR spectroscopy[END_REF][START_REF] Rosen | Hydroxyl radical generation by polymorphonuclear leukocytes measured by electron spin resonance spectroscopy[END_REF][START_REF] Hume | The production of oxygen-centered radicals by bacillus-Calmette-Guerin-activated macrophages. An electron paramagnetic resonance study of the response to phorbol myristate acetate[END_REF][START_REF] Rosen | Detection of superoxide generated by endothelial cells[END_REF][START_REF] Bannister | Production of oxygen-centered radicals by neutrophils and macrophages as studied by electron spin resonance (ESR)[END_REF][START_REF] Britigan | Do human neutrophils make hydroxyl radical -Determination of free radicals generated by human neutrophils activated with a soluble or particulate stimulus using electron paramagnetic resonance spectrometry[END_REF][START_REF] Britigan | Stimulated human neutrophils limit iron-catalyzed hydroxyl radical formation as detected by spin-trapping techniques[END_REF][START_REF] Hassett | Bacteria form intracellular free radicals in response to paraquat and streptonigrin. Demonstration of the potency of hydroxyl radical[END_REF][START_REF] Pou | Spin-trapping and human neutrophils. Limits of detection of hydroxyl radical[END_REF][START_REF] Ramos | Spin trapping evidence for myeloperoxidase-dependent hydroxyl radical formation by human neutrophils and monocytes[END_REF][START_REF] Bačić | Spin-trapping of oxygen free radicals in chemical and biological systems: New traps, radicals and possibilities[END_REF]. However interpretation of spin trapping results in cells may be difficult and lots of controls are required. DMPO (5,5-dimethyl-1pyrroline N-oxide), the historical spin trap, reacts with hydroxyl radical to form the adduct DMPO-OH. Detection of DMPO-OH following incubation with stimulated neutrophils was initially considered a proof of hydroxyl radical production by these cells [START_REF] Green | The production of hydroxyl and superoxide radicals by stimulated human neutrophils -measurements by EPR spectroscopy[END_REF][START_REF] Rosen | Hydroxyl radical generation by polymorphonuclear leukocytes measured by electron spin resonance spectroscopy[END_REF]. However DMPO-OOH, the adduct obtained by reaction with O2 .-, spontaneously decomposes into several species, including DMPO-OH [START_REF] Finkelstein | Production of hydroxyl radical by decomposition of superoxide spin-trapped adducts[END_REF][START_REF] Locigno | Nitric oxide release from the unimolecular decomposition of the superoxide radical anion adduct of cyclic nitrones in aqueous medium[END_REF]. In addition DMPO-OOH can be rapidly reduced to DMPO-OH by glutathione-peroxidase [START_REF] Rosen | Detection of superoxide generated by endothelial cells[END_REF], an enzyme present in cells, such as endothelial cells, neutrophils, or macrophages [START_REF] Kim | PEP-1-SIRT2 inhibits inflammatory response and oxidative stress-induced cell death via expression of antioxidant enzymes in murine macrophages[END_REF]. Thus detection of DMPO-OH does not unequivocally prove the formation of hydroxyl radical (Figure 1) and stimulated neutrophils have then been shown not to produce hydroxyl radical [START_REF] Britigan | Do human neutrophils make hydroxyl radical -Determination of free radicals generated by human neutrophils activated with a soluble or particulate stimulus using electron paramagnetic resonance spectrometry[END_REF]. Amelioration of the technique has occurred over the years with spin traps that form superoxide adducts with longer life time in buffer and that do not spontaneously decompose to superoxide adducts [START_REF] Ouari | Recent developments and applications of the coupled EPR/Spin trapping technique (EPR/ST)[END_REF]. Today, DEPMPO [START_REF] Frejaville | 5-Diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide (DEPMPO) -a new phosphorylated nitrone for the efficient in-vitro and in-vivo spin-trapping of oxygencentered radicals[END_REF][START_REF] Liu | Evaluation of DEPMPO as a spin trapping agent in biological systems[END_REF][START_REF] Timmins | Trapping of free radicals with direct in vivo EPR detection: a comparison of 5,5-dimethyl-1-pyrroline-N-oxide and 5diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide as spin traps for HO • and SO4[END_REF][START_REF] Khan | Spin traps: in vitro toxicity and stability of radical adducts[END_REF] is frequently used as a spin trap but novel spin traps, derived from the diisopropyloxyphosphoryl analogue DIPPMPO [START_REF] Chalier | 5-Diisopropoxyphosphoryl-5-methyl-1-pyrroline N-oxide, DIPPMPO, a crystalline analog of the nitrone DEPMPO: synthesis and spin trapping properties[END_REF] and bearing a triphenylphosphonium (Mito-DIPPMPO) or a permethylated -cyclodextrin moiety (CD-DIPPMPO), were recently demonstrated to form adducts of increased stability in buffer (Figure 1) [START_REF] Bézière | Metabolic stability of superoxide adducts derived from newly developed cyclic nitrone spin traps[END_REF]. CD-DIPPMPO is especially sensitive and specific of extracellular superoxide, as demonstrated with living macrophage suspensions studied in gas-permeable Teflon tubing [START_REF] Abbas | Detection of superoxide production in stimulated and unstimulated living cells using new cyclic nitrone spin traps[END_REF]. These properties were attributed to the -cyclodextrin moiety that prevents the spin trap to enter cells and ensures hydroxyl radical does not react with the nitrone function [START_REF] Bézière | Metabolic stability of superoxide adducts derived from newly developed cyclic nitrone spin traps[END_REF][START_REF] Abbas | Detection of superoxide production in stimulated and unstimulated living cells using new cyclic nitrone spin traps[END_REF]. The penetration of cells by spin traps is an important parameter to understand spin trapping results. DMPO and DEPMPO, and their hydroxyl adducts, have been shown to rapidly penetrate lipid bilayers [START_REF] Anzai | ESR measurement of rapid penetration of DMPO and DEPMPO spin traps through lipid bilayer membranes[END_REF]. DIPPMPO, being more lipophilic, is supposed to be more suitable for trapping in subcellular compartments [START_REF] Chalier | 5-Diisopropoxyphosphoryl-5-methyl-1-pyrroline N-oxide, DIPPMPO, a crystalline analog of the nitrone DEPMPO: synthesis and spin trapping properties[END_REF] and Mito-DIPPMPO, being conjugated to a large lipophilic triphenylphophonium cation, is assumed to be accumulated 5-10 fold in the cytoplasm, driven by the plasma membrane potential, and further accumulated in the mitochondria [START_REF] Ross | Lipophilic triphenylphosphonium cations as tools in mitochondrial bioenergetics and free radical biology[END_REF]. Inside cells, superoxide adducts of all these spin traps are subject to conversion to the corresponding hydroxyl adducts by action of thiols with or without catalysis by glutathione-peroxidase as shown with purified enzymatic systems or subcellular fractions [START_REF] Bézière | Metabolic stability of superoxide adducts derived from newly developed cyclic nitrone spin traps[END_REF][START_REF] Abbas | Detection of superoxide production in stimulated and unstimulated living cells using new cyclic nitrone spin traps[END_REF][START_REF] Culcasi | The line asymmetry of electron spin resonance spectra as a tool to determine the cis:trans ratio for spin-trapping adducts of chiral pyrrolines N-oxides: the mechanism of formation of hydroxyl radical adducts of EMPO, DEPMPO, and DIPPMPO in the ischemic-reperfused rat liver[END_REF][START_REF] Hardy | Improving the trapping of superoxide radical with a betacyclodextrin-5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide (DEPMPO) conjugate[END_REF].

Results obtained with suspensions of adherent cells may occasionally differ from physiological responses. To overcome this issue, a number of solutions have been proposed, such as allowing cells to adhere to quartz flat ESR cuvettes [START_REF] Tanigawa | Spin trapping of superoxide from glass adherent polymorphonuclear leukocytes induced by N-formylmethionyl-leucyl-phenylalanine[END_REF], using a custom made flowtype quartz cuvette [START_REF] Nakagawa | Induction of superoxide in glioma cell line U87 stimulated with lipopolysaccharide and interferon-gamma: ESR using a new flow-type quartz cell[END_REF] or ESR cavity [START_REF] Kotake | Determination of the rate of superoxide generation from biological systems by spin trapping: use of rapid oxygen depletion to measure the decay rate of spin adducts[END_REF], or using microcarrier bead cultures [START_REF] Britigan | Insight into the nature and site of oxygencentered free radical generation by endothelial cell monolayers using a novel spin trapping technique[END_REF][START_REF] Danhier | Influence of cell detachment on the respiration rate of tumor and endothelial cells[END_REF]. Oxygen supply can however be an issue with some of these setups. Since experimentation on biological material requires the comparison of numerous conditions and repetition of experiments for statistical analysis, it is desired to find easily accessible and convenient systems to analyze large numbers of samples in a single day under near-physiological conditions. In this study, we show that ESR detection can be performed directly on coverslip glasses initially designed for microscope studies.

Methods

Reagents

DIPPMPO was synthesized according to previously published protocols [START_REF] Chalier | 5-Diisopropoxyphosphoryl-5-methyl-1-pyrroline N-oxide, DIPPMPO, a crystalline analog of the nitrone DEPMPO: synthesis and spin trapping properties[END_REF]. Purity was determined by NMR and HPLC coupled with mass spectrometry and was above 98%. Mito-DIPPMPO and CD-DIPPMPO were prepared using the procedures described for diethoxyphosphoryl analogues [START_REF] Hardy | Improving the trapping of superoxide radical with a betacyclodextrin-5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide (DEPMPO) conjugate[END_REF][START_REF] Hardy | Mito-DEPMPO synthesized from a novel NH2-reactive DEPMPO spin trap: a new and improved trap for the detection of superoxide[END_REF][START_REF] Hardy | Detection, characterization, and decay kinetics of ROS and thiyl adducts of Mito-DEPMPO spin trap[END_REF]. Their NMR and electrospray ionization-highresolution mass spectrometry (ESI-HRMS) characterizations were previously published [START_REF] Bézière | Metabolic stability of superoxide adducts derived from newly developed cyclic nitrone spin traps[END_REF]. DEPMPO was obtained from Radical Vision (Marseille, France). Diethylene triamine pentaacetic acid (DTPA), xanthine (X), xanthine oxidase (XO), superoxide dismutase conjugated with polyethylene glycol (SOD-PEG), phosphate-buffered saline (PBS, pH 7.1-7.5) were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France).

Culture of RAW macrophages

Macrophages (RAW 264.7 cells), originally purchased from American Type Culture Collection (ATCC, CRL-9609™), were a kind gift from Dr Jean-Claude Drapier (CNRS UPR 2301, Gif-sur-Yvette, France). Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM AQmedia, Sigma-Aldrich) supplemented with 5% fetal bovine serum (Lonza, Levallois-Perret, France) and 1% penicillin/streptomycin (Invitrogen) in a water-jacketed incubator under 5% CO2 at 37°C.

Spin trapping of superoxide radical produced by macrophages

On the day prior to experiment, RAW cells were placed on round microscope coverslip glasses (diameter 12 mm, thickness 0.13-0.16 mm, Thermo Scientific Menzel, Braunschweig, Germany) inserted in a 24-well culture plate and covered with 500 µL DMEM. When indicated, confluent cells on two coverslips (250 000 cells/coverslip) were stimulated with PMA (5 µM, 20 min, 37°C), then washed twice with 500 µL of PBS, and incubated for 20 min at 21°C with the desired spin trap (5-10 mM), DTPA (1 mM), and PBS (final volume 150 µL). The back of the coverslips were slightly dabbed with paper tissue, secured (cell-layer facing outwards) on a quartz slide (130x12x1.5 mm) with a minimum of ESR-silent silicon vacuum grease (Bluestar silicones, Caronno Pertusella, Italy), and introduced in the ESR cavity equipped with a flat quartz protection sleeve (Figure 2). A 24-well culture plate represents thus the opportunity of screening 12 conditions on the same batch of culture cells within half a day.

For comparison purposes, cell suspensions of RAW macrophages (3.6±0.3x10 6 cells/100 µL) prepared as described in a previous work [START_REF] Abbas | Detection of superoxide production in stimulated and unstimulated living cells using new cyclic nitrone spin traps[END_REF] were inserted in gas-permeable PTFE tubing (Extruded Sub-Lite-Wall®, inside diameter: 0.635 mm, wall thickness: 0.051 mm, Zeus Industrial Products Ltd., Ireland) or glass microcapillary pipettes (50 µL, Hirschmann).

ESR spectroscopy

ESR measurements were performed using an Elexsys 500 ESR spectrometer (Bruker, Wissembourg, France), operating at X-band (9.8 GHz) and equipped with a TM cavity. Typical settings used were: microwave power, 10 mW; modulation frequency, 100 kHz; modulation amplitude, 0. were recorded sequentially at 21°C. Data acquisition and processing were performed using Bruker Xepr software. Baseline correction of ESR spectra was performed by subtracting the signal obtained when the spin trap was omitted.

Computer simulations

Computer simulations of the ESR spectra were performed using the program of Rockenbauer and Korecz [START_REF] Rockenbauer | Automatic computer simulations of ESR spectra[END_REF]. In addition to the g-factor and hyperfine coupling constants, the relaxation and exchange parameters were optimized from the best resolved spectra, and when necessary, two or three superimposed components were taken into account as described in previous works [START_REF] Bézière | Metabolic stability of superoxide adducts derived from newly developed cyclic nitrone spin traps[END_REF][START_REF] Abbas | Detection of superoxide production in stimulated and unstimulated living cells using new cyclic nitrone spin traps[END_REF]. These parameters are listed in Table 1. Normalized line shapes were used, giving concentration data for all components in arbitrary units.

Results

Detection of superoxide on adherent cells with DEPMPO

Superoxide radical production by RAW macrophages attached to microscope coverslip glasses was induced by 20 min incubation with 5 µM PMA at 37°C. Subsequent trapping of the radical with 10 mM DEPMPO enabled the detection of a significant ESR signal, characteristic of a mixture of superoxide and hydroxyl radical spin adducts in a 1:9 ratio (Figure 3, upper-left panel). Addition of 200 U of SOD-PEG, a membrane-permeative superoxide dismutase but that is incorporated very slowly within the cells [START_REF] Beckman | Superoxide dismutase and catalase conjugated to polyethylene glycol increases endothelial enzyme activity and oxidant resistance[END_REF], strongly inhibited the detection of both superoxide and hydroxyl radical adducts, whereas no signal was observed in the absence of PMA (Supplementary Figure S1).

Optimization of the conditions of ESR recordings was performed. It was observed that best results were obtained after 20 min incubation with the spin trap, post PMA-stimulation. Earlier recording start times did not allow optimal accumulation of the spin adducts. Besides, spin adduct decay could not be ignored when measurement start was delayed by more than 20 min. Use of two coverslip glasses as indicated in Figure 2 increased the signal compared to the use of a single coverslip because the microwave excitation spreads over a sample height of ~ 2 cm in the resonator. In our first attempts, the cell-layer on the coverslips was arranged facing the quartz slide but we observed 50% more signal when the cell-layer faced outwards, with the coverslips mounted onto the quartz slide using vacuum grease, probably due to better diffusion of oxygen to the cell layer. The ESR measurement was then restricted to 10 min to prevent the cell-layer from drying out; the signal remained stable during this period.

Comparison of the spin traps

Representative ESR spectra obtained for four cyclic nitrone spin traps with PMA-stimulated RAW macrophages attached to two coverslip glasses are shown in Figure 3. A concentration of 10 mM was used for each spin trap except for CD-DIPPMPO (5 mM), because aggregation tends to reduce the spin trapping rate of the latter at higher concentrations. In most cases, the PMA-dependent signal resulted from overlapping components and computer simulation was required to extract the respective contributions of superoxide and hydroxyl radical adducts displayed in Figure 4. DIPPMPO behaved in a similar way to DEPMPO but with half the sensitivity; DIPPMPO-OH was responsible for 90% of the signal. On the

Discussion

The production of superoxide by PMA-stimulated RAW macrophages was measured by ESR spectroscopy without detachment of the cells from microscope coverslip glasses. PMA is a specific activator of protein kinase C, which in turn performs the phosphorylation of a critical residue in NADPH oxidase (NOX2) in the macrophage membrane [START_REF] Forman | Reactive oxygen species and cell signaling: respiratory burst in macrophage signaling[END_REF]. According to the principles of spin trapping, superoxide radical reacts with the ESR-silent cyclic nitrone, e. g. DEPMPO, to form a persistent radical, referred to as the superoxide adduct (Figure 1), characterized by a distinctive ESR spectrum. The stability of this adduct within cells can be decreased by various pathways (involving reductases, ascorbate, thiols, or heme proteins) as shown in previous works [START_REF] Rosen | Detection of superoxide generated by endothelial cells[END_REF][START_REF] Bézière | Metabolic stability of superoxide adducts derived from newly developed cyclic nitrone spin traps[END_REF][START_REF] Reinke | Degradation of DMPO adducts from hydroxyl and 1-hydroxyethyl radicals by rat liver microsomes[END_REF][START_REF] Khramtsov | NMR spin trapping: Detection of free radical reactions using a phosphorus-containing nitrone spin trap[END_REF][START_REF] Bézière | Metabolic stability of superoxide and hydroxyl radical adducts of a cyclic nitrone toward rat liver microsomes and cytosol: A stopped-flow ESR spectroscopy study[END_REF]. Especially, DEPMPO-OOH is converted to DEPMPO-OH by thiols and glutathione-peroxidase [START_REF] Culcasi | The line asymmetry of electron spin resonance spectra as a tool to determine the cis:trans ratio for spin-trapping adducts of chiral pyrrolines N-oxides: the mechanism of formation of hydroxyl radical adducts of EMPO, DEPMPO, and DIPPMPO in the ischemic-reperfused rat liver[END_REF], an enzyme present in RAW macrophages [START_REF] Kim | PEP-1-SIRT2 inhibits inflammatory response and oxidative stress-induced cell death via expression of antioxidant enzymes in murine macrophages[END_REF]. In the present study, a high proportion of hydroxyl radical adduct was observed in the experiment with DEPMPO (Figure 3 and Figure 4), but its level was reduced upon incubation with SOD-PEG (Supplementary Figure S1). Under our conditions with rather short incubation times, most of SOD-PEG remains in the extracellular space where it reacts with superoxide at diffusion-controlled rates [START_REF] Beckman | Superoxide dismutase and catalase conjugated to polyethylene glycol increases endothelial enzyme activity and oxidant resistance[END_REF] and efficiently competes with the spin trap (which reacts with superoxide at rates that do not approach 100 M -1 s -1 ) outside cells but not within cells. The hydroxyl radical adduct arose thus from the reduction of DEPMPO-OOH in cells and not from trapping of hydroxyl radical resulting from superoxide disproportionation (Figure 1) [START_REF] Bézière | Metabolic stability of superoxide adducts derived from newly developed cyclic nitrone spin traps[END_REF].

Oxygen supply is critical in spin trapping experiments [START_REF] Kotake | Determination of the rate of superoxide generation from biological systems by spin trapping: use of rapid oxygen depletion to measure the decay rate of spin adducts[END_REF]. Previously we observed, using PMA-stimulated RAW macrophage suspensions [START_REF] Abbas | Detection of superoxide production in stimulated and unstimulated living cells using new cyclic nitrone spin traps[END_REF], that spin trapping was enhanced in gaspermeable PTFE tubing, compared to glass microcapillary pipettes. Here, using adherent cells, different levels of detection were obtained depending on the way the coverslip glasses were mounted onto the quartz slide. When the cell-layer faces outwards, molecular oxygen is constantly replenished through equilibration with air, whereas it is expected to be rapidly consumed when the macrophages are sandwiched between glass and quartz walls or enclosed in ESR flat cells. The increase in ESR signal when the cell-layer faced outwards could be linked to a better diffusion of oxygen to the cell layer in two ways. First, increase in formation of DEPMPO-OOH (and subsequently of DEPMPO-OH) could be the result of an increased superoxide production by NOX2 when availability of oxygen, the substrate of the enzyme, increases. Second, reductases are known to be activated under anaerobic conditions and could reduce the spin adducts to diamagnetic compounds faster upon oxygen deprivation, a process that has been studied with sterically hindered nitroxides [START_REF] Swartz | Use of nitroxides to measure redox metabolism in cells and tissues[END_REF][START_REF] Rosen | Formation and reduction of a nitroxide radical by liver microsomes[END_REF].

Our protocol using cells attached to microscope coverslip glasses has many advantages over previous methods. ESR measurement is performed on adherent cells and preserves cellular integrity. Cell harvesting generally involves enzymatic digestion, such as trypsinization, and mechanical detachment methods such as scraping. However these harvesting methods are known to cause damage to the cells. Enzymatic treatment damages cell membranes by partial hydrolysis of various membrane-expressed proteins and thus impairs cell function [START_REF] Revel | Adhesion of culture cells to their substratum[END_REF][START_REF] Wu | Versican protects cells from oxidative stress-induced apoptosis[END_REF][START_REF] Piercy | Effect of harvesting and sorting on β-1 integrin in canine microvascular cells[END_REF][START_REF] Mutin | Reevaluation of trypsin-EDTA for endothelial cell detachment before flow cytometry analysis[END_REF][START_REF] Hirai | Characterization of cellular motions through direct observation of individual cells at early stage in anchorage-dependent culture[END_REF]. Scraping inflicts physical damage on cells and reduces their viability [START_REF] Heng | Mechanical dissociation of human embryonic stem cell colonies by manual scraping after collagenase treatment is much more detrimental to cellular viability than is trypsinization with gentle pipetting[END_REF][START_REF] Mcneil | A method for incorporating macromolecules into adherent cells[END_REF]. Scraping also alters the metabolic rates of cells (measured as nitroxide reduction kinetics) [START_REF] Batista | Effects of different detachment procedures on viability, nitroxide reduction kinetics and plasma membrane heterogeneity of V-79 cells[END_REF]. Moreover it was shown in several studies that cell detachment induces an increase in cellular ROS [START_REF] Lee | Activation of the leukotriene B4 receptor 2-reactive oxygen species (BLT2-ROS) cascade following detachment confers anoikis resistance in prostate cancer cells[END_REF][START_REF] Chanvorachote | Caveolin-1 regulates endothelial adhesion of lung cancer cells via reactive oxygen species-dependent mechanism[END_REF][START_REF] Kerkweg | Disruption of skeletal myocytes initiates superoxide release: contribution of NADPH oxidase[END_REF]. The procedure described in this work is thus considerably less liable to artifacts linked with non-physiological production of ROS and to misinterpretation of spin adduct accumulation in cells with impaired metabolism as implying higher ROS production. Moreover, commercial disposable coverslip glasses are easy to handle and enable studies on large numbers of samples and controls over a short period of time, which is not the case when the expensive and fragile ESR flat-cells are used. In addition, superoxide detection is performed with only 500 000 cells, which is almost one-tenth as many cells as were used for our previous study using gas-permeable PTFE tubing [START_REF] Abbas | Detection of superoxide production in stimulated and unstimulated living cells using new cyclic nitrone spin traps[END_REF].

On the whole, the relative amounts of each adduct obtained on adherent cells with different spin traps correlate those previously obtained on cell suspensions with larger cell numbers (1-5x10 6 cells/100 µL) [START_REF] Abbas | Detection of superoxide production in stimulated and unstimulated living cells using new cyclic nitrone spin traps[END_REF], suggesting that like for polymorphonuclear leucocytes PMAinduced superoxide release by macrophages was independent of cell adhesion [START_REF] Tanigawa | Spin trapping of superoxide from glass adherent polymorphonuclear leukocytes induced by N-formylmethionyl-leucyl-phenylalanine[END_REF]. DIPPMPO, like DEPMPO, is characterized by a higher detection of the hydroxyl adduct as a product of reduction of the superoxide adduct inside cell, since these spin traps are known to enter cells [START_REF] Chalier | 5-Diisopropoxyphosphoryl-5-methyl-1-pyrroline N-oxide, DIPPMPO, a crystalline analog of the nitrone DEPMPO: synthesis and spin trapping properties[END_REF][START_REF] Anzai | ESR measurement of rapid penetration of DMPO and DEPMPO spin traps through lipid bilayer membranes[END_REF]. Mito-DIPPMPO and CD-DIPPMPO, which are known not to form ESRdetectable adducts from low fluxes of hydroxyl radical [START_REF] Bézière | Metabolic stability of superoxide adducts derived from newly developed cyclic nitrone spin traps[END_REF], appear as more specific of superoxide. SOD-controls are then largely unnecessary with these spin traps to discriminate between superoxide or hydroxyl radical as the origin of the adduct formation. The extracellular localization of CD-DIPPMPO explains why the adducts are protected from degradation by intracellular components, whereas partial conversion of the superoxide to the hydroxyl adduct is observed with Mito-DIPPMPO, which was designed to enter the cell and target the mitochondria [START_REF] Hardy | Mito-DEPMPO synthesized from a novel NH2-reactive DEPMPO spin trap: a new and improved trap for the detection of superoxide[END_REF][START_REF] Hardy | Detection, characterization, and decay kinetics of ROS and thiyl adducts of Mito-DEPMPO spin trap[END_REF].

Conclusion

In conclusion, we confirmed that spin trapping with CD-DIPPMPO coupled to ESR detection enable specific detection of superoxide produced by PMA-stimulated macrophages, as previously observed with cell suspensions [START_REF] Abbas | Detection of superoxide production in stimulated and unstimulated living cells using new cyclic nitrone spin traps[END_REF], but here the detection was performed on adherent cells without detachment from microscope coverslip glasses. The sample preparation proposed in this work is straightforward, requires small numbers of adherent cells, and can be used when stress involved in trypsinization or mechanical detachment has to be avoided. In addition, we expect the oxygen supply to be constant in our system, as opposed to closed ESR flat cells that promote hypoxia. ESR detection performed on undetached cells using this setup paves the way for a large number of applications. For example, it would enable convenient medium-throughput screening of antioxidants and ROSmodulating agents in various cell lines. Alternatively, it could be used to screen the stability of ESR imaging contrast agents, such as aminoxyl or triarylmethyl radicals [START_REF] Bézière | First combined in vivo X-ray tomography and high-resolution molecular electron paramagnetic resonance (EPR) imaging of the mouse knee joint taking into account the disappearance kinetics of the EPR probe[END_REF], in the presence of cells, prior to in vivo studies. Table 1: Parameters used for the simulation of the spectra in Figure 1 1 are shown as grey lines. We observe on the lower-right panel that the linewidth of CD-DIPPMPO-OOH spectrum is larger than that of DEPMPO-OOH and DEPMPO-OH adducts (upper-left panel) due to a higher molecular tumbling correlation time. As a consequence, the signal-to-noise ratio obtained with CD-DIPPMPO is not as high as with DEPMPO even if the amount of spin adducts is similar. 
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 3 Figure 3: Comparison of ESR spectra obtained in the presence of PMA-stimulated RAW macrophages attached to two microscope coverslip glasses. Activation of the macrophages (250 000 cells/coverslip) was performed for 20 min with 5 µM PMA at 37°C and followed by incubation with DEPMPO (10 mM), DIPPMPO (10 mM), Mito-DIPPMPO (10 mM), or CD-DIPPMPO (5 mM) for 20 min in PBS (pH 7.1-7.4) containing 1 mM DTPA at 21°C. ESR settings are described under Methods. The experimental spectra (black lines) are the sum of ten scans and are representative of three independent experiments. Calculated signals using parameters from Table1are shown as grey lines. We observe on the lower-right panel that the linewidth of CD-DIPPMPO-OOH spectrum is larger than that of DEPMPO-OOH and DEPMPO-OH adducts (upper-left panel) due to a higher molecular tumbling correlation time. As a consequence, the signal-to-noise ratio obtained with CD-DIPPMPO is not as high as with DEPMPO even if the amount of spin adducts is similar.
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 41 Figure 4: Concentration of superoxide and hydroxyl radical adducts of the studied spin traps obtained with PMA-stimulated RAW macrophages attached to two microscope coverslip glasses.Activation of the macrophages (250 000 cells/coverslip) was performed for 20 min with 5 µM PMA at 37°C and followed by incubation with DEPMPO (10 mM), DIPPMPO (10 mM), Mito-DIPPMPO (10 mM), or CD-DIPPMPO (5 mM) for 20 min in PBS (pH 7.1-7.4) and 1 mM DTPA at 21°C. The concentration of each adduct expressed in arbitrary unit was derived from computer simulation of the ESR spectra by normalized lineshapes as described under Methods. The data are the average of three independent experiments and the error bars reflect the standard deviation. The hydroxyl adduct of CD-DIPPMPO was under the limit of detection of our method.
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Legends for figures Figure 1: Structure of the spin traps under study and general principles of spin adduct formation and decay. Figure 2: Experimental procedure for superoxide detection on adherent cells.

  . On the day prior to experiment, RAW macrophages in 500 µL DMEM were placed on round microscope coverslip glasses inserted in a 24-well culture plate. When indicated, confluent cells on two coverslips (250 000 cells/coverslip) were stimulated with PMA (5 µM, 20 min, 37°C), then washed twice with PBS, and incubated for 20 min at 21°C with the desired spin trap (5-10 mM) in 150 µL PBS containing DTPA (1 mM). Both coverslips were then mounted on a quartz slide using vacuum grease and introduced in the ESR cavity equipped with a flat quartz protection sleeve. Sequential ESR spectra were recorded for 10 min as indicated under Methods.
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	Spin adduct (% in the simulation)	Conformer	AP (mT)	AN (mT)	AH (mT)	AHγ (mT)
	DEPMPO-OOH trans (10%)	T1 (53%)	5.19	1.31	1.19	0.08
		T2 (47%)	4.85	1.32	1.01	0.09
	DEPMPO-OH (90%)	-	4.71	1.40	1.32	-
	DIPPMPO-OOH trans (10%)	T1 (48%)	5.17	1.30	1.20	0.06
		T2 (52%)	4.79	1.32	1.02	0.09
	DIPPMPO-OH (90%)		4.68	1.40	1.33	-
		-				
	Mito-DIPPMPO-OOH trans (80%)	T1 (52%)	5.33	1.28	1.48	-
		T2 (48%)	5.29	1.29	0.87	-
	Mito-DIPPMPO-OH (20%)	-	5.29	1.36	1.05	-
	CD-DIPPMPO-OOH trans (100%)	T1 (54%)	5.34	1.26	1.25	-
		T2 (46%)	5.26	1.30	1.12	-
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