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Introduction

Cellular membranes are complex structures, made of a lipid bilayer in interaction with various extrinsic and intrinsic proteins acting for instance as enzymes or carriers. The variety of lipids is also very large, lipids being composed of different neutral or charged polar head groups and hydrophobic chains of various lengths and unsaturations [START_REF] Van Meer | Membrane lipids: where they are and how they behave[END_REF]. The first coherent model of cellular membrane described as a fluid mosaic by Singer and Nicolson [START_REF] Singer | The fluid mosaic model of the structure of cell membranes[END_REF] has been modified for many years with the notion of distinct membrane domains called rafts [START_REF] Binder | Domains and rafts in lipid membranes[END_REF][START_REF] Vereb | Dynamic, yet structured: the cell membrane three decades after the Singer-Nicolson model[END_REF].

Under these conditions, the study of such molecular systems can be very difficult, since it is impossible to discriminate the role of one lipid species in a given phenomenon, such as an interaction with a specific protein, a virus…. Different simplified membrane models have been developed for many years, containing usually no more than three lipid species, interacting eventually with a protein. Vesicles and liposomes are one possible model, made of a closed bilayer containing an aqueous solution, which can be different from the external one. Planar monolayers and bilayers are another type of membrane model. These models are deposited onto a planar surface, such as freshly cleaved mica, silica or glass. Different methods are possible: Langmuir-Blodgett (LB) and Langmuir-Schaeffer methods, vesicle spreading or spin-coating [START_REF] Scomparin | Diffusion in supported lipid bilayers: influence of substrate and preparation technique on the internal dynamics[END_REF][START_REF] Richter | Formation of solid-supported lipid bilayers: an integrated view[END_REF][START_REF] Czolkos | Molecular phospholipid films on solid supports[END_REF][START_REF] Cohen-Simonsen | Structure of spin-coated lipid films and domain formation in supported membranes formed by hydration[END_REF]. Some methods can also be combined, the first monolayer being built by the LB technique and the second one by the vesicle spreading for instance. In some cases, it can be useful to build and to study only one monolayer, corresponding to half a membrane [START_REF] Brockman | Lipid monolayers: why use half a membrane to characterize proteinmembrane interaction?[END_REF]. This is for instance the case when the polar head groups are only involved in an interaction with an extrinsic protein [START_REF] Maget-Dana | The monolayer technique: a potent tool for studying the interfacial properties of antimicrobial and membrane-lytic peptides and their interactions with lipid membranes[END_REF]. At last, planar membrane models are particularly well-adapted to surface analysis techniques, such as Atomic Force Microscopy (AFM) or fluorescence microscopy as imaging techniques [START_REF] Giocondi | Surface topography of membrane domains[END_REF][START_REF] El Kirat | Nanoscale analysis of supported lipid bilayers using atomic force microscopy[END_REF][START_REF] Jönsson | Shear-driven motion of supported lipid bilayers in microfluidic channels[END_REF][START_REF] Parthasarathy | Curvature-modulated phase separation in lipid bilayer membranes[END_REF] or other methods such as quartz crystal microbalance [START_REF] Richter | Formation of solid-supported lipid bilayers: an integrated view[END_REF][START_REF] Reimhult | Intact vesicle adsorption and supported biomembrane formation from vesicles in solution: influence of surface chemistry, vesicle size, temperature, and osmotic pressure[END_REF][START_REF] Gromelski | The formation of lipid bilayers on surfaces[END_REF].

Another pertinent parameter concerning membrane models is lipid choice. Lipids and thus cellular membranes present different phases depending on various parameters such as the temperature, the composition of the lipid mixture, and the presence of ions [START_REF] Koynova | Phases and phase transitions of the phosphocholines[END_REF]…. The behaviour of pure lipids is relatively simple, main part of lipids being characterised by a melting temperature (T m ). At a temperature below T m , lipids are in a condensed phase, whereas at higher temperature, they are in a fluid phase. In membranes, the situation is more complex, with the formation of a liquid ordered phase present in rafts. The choice of lipids (saturated or unsaturated lipids, presence of cholesterol or not…) and of experimental conditions is thus very important to understand the behaviour of the membrane model in a given situation.

At last, an important point concerns the conditions where the samples are kept before their examination. In the case of planar bilayers, the second monolayer must be in contact with water or buffer, in order to have a stable molecular system. In the case of planar monolayers deposited on a hydrophilic support, lipid chains remain in contact with air. This can be a problem in the case of some lipids. Chemically, lipids are usually rather stable, but some of them are sensitive to oxidation. This is for instance the case of cholesterol or of unsaturated lipids, and more particularly polyunsaturated ones [START_REF] Porter | Mechanisms of free radical oxidation of unsaturated lipids[END_REF][START_REF] Reis | Separation of peroxidation products of diacyl-phosphatidylcholines by reversed-phase liquid chromatography-mass spectrometry[END_REF][START_REF] Laguerre | Evaluation of the ability of antioxydants to counteract lipid oxidation: existing methods, new trends and challenges[END_REF][START_REF] O'donnell | Mass spectrometry analysis of oxidized phosphatidylcholine and phosphatidylethanolamine[END_REF]. It is thus necessary to study the stability in time of these systems, before using them as membrane models, lipid oxidation promoting important changes in the lipid packing or phase separation in biological membranes [START_REF] Prasad | Effects of mitochondrial respiratory stimulation on membrane lipids and proteins: an electron paramagnetic resonance investigation[END_REF][START_REF] Megli | Respiration state IV-generated ROS destroy the mitochondrial bilayer packing order in vitro. An EPR study[END_REF][START_REF] Megli | Mitochondrial phospholipid bilayer structure is ruined after liver oxidative injury in vivo[END_REF] and membrane models [START_REF] Sabatini | Characterization of two oxidatively modified phospholipids in mixed monolayers with DPPC[END_REF][START_REF] Wong-Ekkabut | Effect of lipid peroxidation on the properties of lipid bilayers: a molecular dynamics study[END_REF][START_REF] Megli | Different oxidized phospholipid molecules unequally affect bilayer packing[END_REF][START_REF] Megli | Spin labeling EPR studies of the properties of oxidized phospholipid-containing lipid vesicles[END_REF][START_REF] Khandelia | Lipid gymnastics: evidence of complete acyl chain reversal in oxidized phospholipids from molecular simulations[END_REF][START_REF] Beranova | Oxidation changes physical properties of phospholipid bilayers: fluorescence spectroscopy and molecular simulations[END_REF]. Moreover, it is interesting to better understand the behaviour of these oxidised lipids in membranes, since these molecules could be involved in important biological processes, acting for instance as molecular tag for the recognition of cells by macrophage receptors [START_REF] Li | Conformation of an endogenous ligand in a membrane bilayer for the macrophage scavenger receptor CD36[END_REF]. Under these conditions, planar monolayers are particularly well-adapted to study the effect of oxidation: monolayers could be more sensitive to oxidation than bilayers because of the absence of a 'protecting' water layer above the sample, even if this oxidation has been observed in the case of liposomes [START_REF] Reis | Separation of peroxidation products of diacyl-phosphatidylcholines by reversed-phase liquid chromatography-mass spectrometry[END_REF][START_REF] Megli | Respiration state IV-generated ROS destroy the mitochondrial bilayer packing order in vitro. An EPR study[END_REF][START_REF] Megli | Spin labeling EPR studies of the properties of oxidized phospholipid-containing lipid vesicles[END_REF][START_REF] Beranova | Oxidation changes physical properties of phospholipid bilayers: fluorescence spectroscopy and molecular simulations[END_REF].

In this work, we studied the stability of planar LB films made of two types of unsaturated lipids: 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) and 1-oleoyl-2palmitoyl-phosphatidylcholine (OPPC). Both have a saturated palmitic chain (C16) and an unsaturated oleoyl one (C18:1), but their relative positions are inverted on the glycerol backbone. POPC and OPPC monolayers were transferred from the air-water interface onto freshly cleaved mica by the LB method and AFM was used to observe them just after their deposition and two and five days later. AFM is a high resolution scanning probe surface analysis technique, whose essential property is to measure the interaction forces acting between a fine tip and a sample, which depends on their distance. A key advantage of this technique is, on one hand, its ability to give morphological (or topographical) details of soft matter with less damage at the nanoscale. On the other hand, AFM provides information about tribology but also provides mechanical properties of samples [START_REF] Simon | Heterogeneous cell mechanical properties: an atomic force microscopy study[END_REF][START_REF] Garcia-Manyes | Atomic force microscopy and force spectroscopy study of Langmuir-Blodgett films formed by heteroacid phospholipids of biological interest[END_REF][START_REF] Talbot | Hydrogenated and fluorinated surfactants derived from Tris(hydroxymethyl)-acrylamidomethane allow the purification of a highly active yeast F1-F0 ATP-synthase with an enhanced stability[END_REF][START_REF] Garcia-Manyes | Nanomechanics of lipid bilayers by force spectroscopy with AFM: a perspective[END_REF]. At last, using monolayers instead of bilayers enables to use the tapping mode in AFM, this mode being less disturbing for the sample and giving consequently a better resolution.

Materials and methods

Molecules and solvents

POPC and OPPC were purchased from Sigma (France). They were >99% pure and used without further purification. Ethanol and chloroform used to solubilise lipids were both HPLC grade and purchased from Fluka and Sigma, respectively. Millipore water (pH 5.5, resistivity > 18 MΩ.cm) was used as subphase in surface pressure measurements.

Surface pressure measurements and Langmuir-Blodgett transfer

Surface pressure experiments were carried out in air, by using a Nima Langmuir trough (approximately 30 cm × 10 cm × 0.5 cm) equipped with a Wilhelmy balance (Nima). Briefly, lipids were dissolved in a 1/1 (v/v) mixture of ethanol and chloroform at a concentration of 1 mM. After spreading of the solution at the air-water interface and evaporation of solvents (15 min), lipids were compressed continuously at a rate of 5 cm 2 .min -1 . The temperature of the room was kept constant to 20 ± 1°C.

Monolayers were transferred from the air-water interface onto freshly cleaved mica by the Langmuir-Blodgett method, by using a dip coater mechanism from Nima. Mica was first immersed in water and the lipid monolayer was prepared as previously described and compressed until a surface pressure of 30 mNm -1 . This surface pressure was then kept constant, thanks to a control system maintaining the pressure by adjusting the surface occupied by the monolayer. After stabilisation of the lipid monolayer (a few minutes), mica was removed from water at a rate of 5 mm min -1 and kept protected from dust until its imaging by AFM at different times after its transfer.

Atomic force microscopy

AFM images were recorded with a BioscopeII AFM set-up (Veeco-Brucker, Santa Barbara, CA) equipped with a G scanner (maximum XYZ scan range of 150 µm × 150 µm × 12 µm). In this work, samples were scanned in tapping mode using PPP-NCL silicon probes (NANOSENSORS™) with a spring constant of about 32 N/m and a corresponding measured resonance frequency of about 165 kHz. In contact mode, triangular SNL silicon nitride probes (Veeco) with a nominal spring constant of 0.58 N/m were used. All scans were done at air and room temperature (20 ± 1°C) with scan rates between 0.3 Hz and 1 Hz (according to the scan size and the scanning mode). Samples were scanned just after monolayer deposition and two and five days later, using the same probes for both tapping and contact modes. For each sample, three different LB films were taken to ensure reproducibility. For data processing, AFM data were processed using the Nanoscope (version 7.30, Veeco) and the Gwiddion softwares. Each time, six images were recorded at the same time: trace and retrace height images (topography), trace and retrace amplitude images (error signal) and trace and retrace phase images (mechanical properties) in tapping mode; trace and retrace height images (topography), trace and retrace deflection images (error signal) and trace and retrace friction images (mechanical properties) in contact mode. For more clarity flattened images are mainly shown in the paper.

Results and discussion

Figures 1 and2 show the chemical structure of POPC and OPPC and their π-A isotherms at the air-water interface, respectively. These isotherms are on the whole similar, showing in particular that both lipids are in a liquid-expanded phase during all the compression under our experimental conditions. These results are on the whole in agreement with previously published isotherms, obtained under similar experimental conditions [START_REF] Lai | Interactions of monolayers of unsaturated phosphocholines with ozone at the air-water interface[END_REF][START_REF] Grechishnikova | New fluorescent cholesterol analogs as membrane probes[END_REF], in particular at temperatures higher than the transition temperatures of these lipids, around -3°C and -9°C for POPC and OPPC, respectively [START_REF] Davis | Gel to liquidcrystalline transition temperatures of water dispersions of two pairs of positional isomers of unsaturated mixed-acid phosphatidylcholines[END_REF][START_REF] Tada | Barotropic and thermotropic bilayer phase behavior of positional isomers of unsaturated mixed-chain phoaphatidylcholine[END_REF][START_REF] Gericke | Partially deuterated phospholipids as IR structure probes of conformational order in bulk and monolayer phases[END_REF]. Figure 3 shows AFM phase images of POPC and OPPC LB films just after their transfer at 30 m.Nm -1 on freshly cleaved mica (J1). All these images are obtained in repulsive mode to get information on the topography of surfaces. In both cases, these very homogenous images confirm that both lipids are in an expanded phase. The average surface roughnesses (taking into account the experimental noise) are 0.10 nm and 0.14 nm in the case of POPC and OPPC, respectively, at J1 (see Figure 4a), whereas their average thickness (see Figure 5), obtained after the local scratching of the films, is around 0.5 nm [START_REF] Navarre | Structural characterization of self-assembled monolayers chemically bonded on silica wafers by dynamical force microscopy[END_REF]. This value is low compared to the length of a lipid molecule and to previous results obtained in the case of POPC LB films [START_REF] Garcia-Manyes | Atomic force microscopy and force spectroscopy study of Langmuir-Blodgett films formed by heteroacid phospholipids of biological interest[END_REF]. However, it is necessary to use a stiff probe and a high force (in contact mode) in scratching experiments. This can explain the imprecise thickness obtained here, in combination with the incomplete removal of lipids from the surface. Indeed, as underlined in a previous study, the estimation of thickness by scratching is difficult in the case of LB films of fluid lipids, these lipids tending to re-spread immediately after scratching or being laid down onto mica because of their contact with the tip [START_REF] Garcia-Manyes | Atomic force microscopy and force spectroscopy study of Langmuir-Blodgett films formed by heteroacid phospholipids of biological interest[END_REF]. Under these conditions, another method is possible, using the width of the jump observed in the force-extension curves [START_REF] Garcia-Manyes | Atomic force microscopy and force spectroscopy study of Langmuir-Blodgett films formed by heteroacid phospholipids of biological interest[END_REF]. These images are clearly different from the previous ones: both films are not homogenous anymore, their surface being spotted with small domains regularly distributed and higher than the surrounding liquid-expanded phase of 0.8 nm in average (see Figure 3). The study of frictions in contact mode shows that the surfaces covered by domains are denser in both cases (data not shown). However, some discrepancies are observed between the two lipids in the evolution of the average surface roughness and the average surface of domains, OPPC appearing more prone to ageing than POPC (see Figure 4). This is corroborated by the estimation of the fraction of the surface occupied by oxidised lipids, increasing more rapidly in the case of OPPC, and representing 1% and 0.4% after five days in the case of OPPC and POPC, respectively (data not shown).

These results are reproducible with other similar films transferred and studied under the same experimental conditions. Moreover, if samples are kept under vacuum during the days following their transfer, domains are not observed (data not shown). They are not observed either with saturated lipids, such as sphingomyelin or dimiristoylphosphatidylcholine (DMPC) (data not shown). At last, in the case of phase-separating POPC-DMPC mixed LB films, just after the transfer, AFM images show the presence of domains of condensed DMPC in a fluid phase made of a mixture of POPC and DMPC (see Figure 6a), these domains being higher than the surrounding phase of about 0.65 nm. Two days later, small domains appear only in the areas containing POPC (see Figure 6b). Taken together, these results suggest that the appearance of domains in POPC and OPPC ageing monolayers are due to the oxidation of these unsaturated lipids. To our knowledge, it is the first time that in situ oxidation is observed by AFM, whereas this method is particularly pertinent to study the organisation of lipids in planar membrane models. Oxidation can occur by different ways, such as enzymatic mechanisms or nonenzymatic ones. In this last case, they can be mediated by reactive oxygen species such as hydroxyl radicals. Under these conditions, oxidation of lipids leads to the formation of various compounds such as truncated phospholipids containing terminal polar groups (carbonyl, hydroxyl…), lysolipids… [START_REF] O'donnell | Mass spectrometry analysis of oxidized phosphatidylcholine and phosphatidylethanolamine[END_REF]. Polyunsaturated phospholipids are more sensitive to oxidation than monounsaturated ones [START_REF] O'donnell | Mass spectrometry analysis of oxidized phosphatidylcholine and phosphatidylethanolamine[END_REF]. It has been shown for instance that the infrared H-C=C-H stretching mode of olefinic groups in 1-stearoyl-2-arachidonyl-phosphatidylcholine has a lifetime of less than 15 min at the air-water interface, even in the presence of argon [START_REF] Koppaka | Accelerated accumulation of amyloid β proteins on oxidatively damaged lipid membranes[END_REF]. On the contrary, previous studies showed that POPC is not sensitive to the oxidation induced by air oxygen at the air-water interface [START_REF] Lai | Interactions of monolayers of unsaturated phosphocholines with ozone at the air-water interface[END_REF] or in aqueous solution [START_REF] Jacob | Lipid peroxidation induces cholesterol domain formation in model membranes[END_REF]. However, POPC monolayers are highly sensitive to ozone [START_REF] Lai | Interactions of monolayers of unsaturated phosphocholines with ozone at the air-water interface[END_REF]. It is well accepted now that oxidation consists in three steps, initiation (formation of a lipid radical), propagation (addition of molecular oxygen on the radical) and termination [START_REF] Porter | Mechanisms of free radical oxidation of unsaturated lipids[END_REF]. The dispersed domains observed in LB films suggest that oxidation occurs at different points at the same time, likely in areas presenting a loose packing or a defect, oxidation propagating from these areas. The rather long time necessary to observe domains of oxidised lipids confirms also the relative resistance of POPC and OPPC to oxidation by air oxygen. Monolayers can be roughly compared to a highly viscous solvent incorporating less air oxygen than a more fluid one [START_REF] Porter | Mechanisms of free radical oxidation of unsaturated lipids[END_REF]. However, the rather regular organisation of lipid molecules into LB films (even if these lipids are in a liquidexpanded phase) could also contribute to an efficient propagation of oxidation: thus, the rate of oxidation of arachidonic acid in liposomes of DMPC increases at a temperature below the phase transition temperature of DMPC [START_REF] Mclean | Effect of lipid physical state on the rate of peroxidation of liposomes[END_REF]. In a same way, the presence of cholesterol in a lipid bilayer facilitates the propagation of free radicals through the bilayer, by increasing the lateral packing of lipids [START_REF] Jacob | Lipid peroxidation induces cholesterol domain formation in model membranes[END_REF]. At last, we observe differences between POPC and OPPC monolayers, average surface roughness and average surface of domains being more affected by time in the case of OPPC (see Figure 4). This comparison suggests that the double bond is not similarly sensitive to oxidation on the sn-1 or sn-2 chain (see Figure 1). It has been reported that the acyl chains do not have the same orientation near the glycerol part. Consequently, one chain is shifted as compared to the other one from about 1.5 carbon-carbon bonds, this distance being estimated after projection on the bilayer normal [START_REF] Davis | Gel to liquidcrystalline transition temperatures of water dispersions of two pairs of positional isomers of unsaturated mixed-acid phosphatidylcholines[END_REF]. It implies that the double bond is more deeply embedded in a bilayer of about 1.8-1.9 Å, when it is on the sn-1 chain or closer from the air in the case of our planar monolayers. This difference, even very weak, seems to influence the sensitivity of the double bond to oxidation between the two lipids, even if previous NMR measurements did not show any difference of packing between the two lipids in vesicles, this packing being sufficiently tight to prevent water molecules to penetrate deeply into the bilayer [START_REF] Olzynska | Molecular interpretation of fluorescence solvent relaxation of Patman and 2 H NMR experiments in phosphatidylcholine bilayers[END_REF].

Reversed-phase liquid chromatography-mass spectrometry revealed the nature of oxidised products of POPC after oxidative treatments using Fe(II) and H 2 O 2 [START_REF] Reis | Separation of peroxidation products of diacyl-phosphatidylcholines by reversed-phase liquid chromatography-mass spectrometry[END_REF]. Hydroperoxide, keto and hydroxyl derivatives were mainly found. Other derivatives such as lipids with a sn-2 truncated chain bearing a terminal carboxylic or aldehyde function are obtained with POPC [START_REF] Sabatini | Characterization of two oxidatively modified phospholipids in mixed monolayers with DPPC[END_REF]. We can suppose that similar derivatives can also be present in POPC and OPPC LB films. Numerous studies showed that oxidised lipid derivatives are able to perturb the bilayer organisation, even if contradictory results were sometimes found. For instance, Sabatini and co-workers showed that increasing amounts of carboxylic or aldehyde derivatives of POPC in Langmuir monolayers induce an expansion of the DPPC monolayer at a surface pressure lower than 20 m.Nm -1 [START_REF] Sabatini | Characterization of two oxidatively modified phospholipids in mixed monolayers with DPPC[END_REF]. They assigned this expansion to the fact that the sn-2 chain of POPC would reverse its direction in order to accommodate the polar carboxyl or aldehyde group into the vicinity of the lipid head group. The hypothesis of reversed chain is confirmed by NMR [START_REF] Li | Conformation of an endogenous ligand in a membrane bilayer for the macrophage scavenger receptor CD36[END_REF] and molecular dynamics simulations [START_REF] Wong-Ekkabut | Effect of lipid peroxidation on the properties of lipid bilayers: a molecular dynamics study[END_REF][START_REF] Khandelia | Lipid gymnastics: evidence of complete acyl chain reversal in oxidized phospholipids from molecular simulations[END_REF][START_REF] Beranova | Oxidation changes physical properties of phospholipid bilayers: fluorescence spectroscopy and molecular simulations[END_REF]. On the whole, these studies are coherent and show that the orientation of the unmodified chain does not change, whereas the orientation of the oxidised one is modified, the polar group getting closer to the interface. It can be more or less parallel to the interface or able to stick out of the membrane surface. A decrease of the bilayer thickness is also observed, assigned to the orientation changes. In our case, we observed, on the contrary, an increase of the monolayer thickness around 0.8 nm in oxidised domains. This difference is likely related to the different nature of the samples. Molecular dynamics simulations were performed on lipid bilayers in contact with water on both sides. Similarly, monolayers at the air-water interface are in contact with a high water volume. In our case, monolayers are transferred on a planar support. Even if a thin water layer is transferred with the monolayer, it is likely not sufficient to enable to the oxidised chain to stay parallel to the support. We can suppose that the reversal is more important, this reversal raising oxidised lipids above the surface of the expanded surrounding phase.

Conclusion

POPC and OPPC LB films are both sensitive to oxidation induced by air oxygen, even if this process is rather slow. This oxidation, not observed if samples are kept under vacuum, is responsible for the formation of domains higher than the surrounding liquidexpanded phase of 0.8 nm on average. This increase of thickness is probably due to a particular orientation of oxidised lipids, leading to their raising above the surrounding phase. At last, our results show that AFM is a suitable method to study the oxidation of lipids in planar LB films, even if its applications in this field are surprisingly rare. Perspectives of this work could concern two aspects: first, inducing an oxidation of lipids by another more efficient method (such as ozone) and second, studying 'artificial' oxidised monolayers of POPC or OPPC with a variable and controlled amount of known oxidised lipids. However, in this last case different results could be observed as compared to the results shown here, since it is thermodynamically different to induce locally the oxidation or to let oxidised and not oxidised lipids organise freely.
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 1 Figure 1 Chemical structures of POPC and OPPC
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 23 Figure 2 π-A compression isotherms of POPC and OPPC on pure water (20 ± 1°C, compression rate 5 cm 2 min -1 )
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 3 Figure 3 On the left: AFM phase images (tapping repulsive mode) of POPC and OPPC LB films, freshly prepared (J1) and after five days in contact with air (J5). On the right: 3D height image (1.5 × 1.5 µm) of an oxidised POPC monolayer and corresponding height profile (section of 250 nm, difference of height between the non-oxidised monolayer and the top of the domain around 0.8 nm) (see online version for colours)
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 45 Figure 4 Averaged surface roughness (a) and averaged domain surface (b) in POPC and OPPC LB films freshly prepared, and after two and five days in contact with air. Error bars are calculated from the standard deviation of both parameters measured in three different samples
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 6 Figure 6 Phase images of mixed LB films of DMPC and POPC (1/1 in mol) transferred on mica at 30 m.Nm -1 : freshly prepared LB film (a) and two days later (b) (see online version for colours)
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