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Highlights

 A new oxidation high-throughput assay based on the UV properties of a phospholipid probe is proposed.  Two site of oxidation (membrane or aqueous phase) were developed.  The new method, tested with several antioxidants, is rapid and reproducible.  Aqueous or membrane-induced oxidations provide further information on the antioxidants efficacy.

ABSTRACT:

Regardless of the applications: therapeutic vehicle or membrane model to mimic complex biological systems; it is of a great importance to develop simplified, reproducible and rapid model assays allowing for a relevant assessment of the liposomal membrane oxidation and therefore antioxidant activity of selected molecules. Here, we describe a new and highthroughput assay that we called "Vesicle Conjugated Autoxidizable Triene (VesiCAT)". It is based on specific UV absorbance spectral properties of a new phospholipid probe, synthesized with natural conjugated eleostearic acid extracted from Tung oil. The VesiCAT assay has been developed with two different radical generators (2,2'-azobis (2-amidinopropane) dihydrochloride; AAPH and 2,2'-azobis(2,4-dimethylvaleronitrile); AMVN), producing a

INTRODUCTION

Liposomes consist in spherical phospholipids vesicles which stabilize an aqueous core from the external medium [START_REF] Bangham | Diffusion of univalent ions across the lamellae of swollen phospholipids[END_REF] . Over the past decades, several commercial applications of liposomes have been developed to deliver bioactive molecules or therapeutic agents into their target zone of activity within organisms (e.g., cells, tissues) while improving clinical efficacy and limiting side effect linked to non-target delivery [START_REF] Fan | Development of liposomal formulations: From concept to clinical investigations[END_REF] . Modulation of liposome structure is easy since both the alkyl chains or polar heads of phospholipids can be tailored to modify vesicle size, charge but also membrane physical state or fluidity [START_REF] Akbarzadeh | Liposome: classification, preparation, and applications[END_REF] . Liposomes present different physical structures that depend on their chemical composition and their method of preparation [START_REF] Mcclements | Encapsulation, protection, and release of hydrophilic active components: Potential and limitations of colloidal delivery systems[END_REF] . Multilamellar vesicles (MLV) contain several bilayers surrounding each other whereas unilamellar liposomes are made of a single bilayer. These latter can be distinguished as small unilamellar vesicles (SUV; diameter <100 nm) or large unilamellar vesicles (LUV; diameter >100 nm).

Multi-vesicular vesicles (MVV) correspond to smaller vesicles trapped into a large vesicle.

In the context of their use as bioactive delivery vehicles, liposomes exhibit drawbacks owing to their relative poor physical or chemical stability [START_REF] Maherani | Liposomes: a review of manufacturing techniques and targeting strategies[END_REF] . For example, depending on environmental conditions (e.g., temperature, ionic strength, pH), they may undergo Comment citer ce document : Durand, E., Delavault, A., Bourlieu, C., Lecomte, J., Barea 4 aggregation phenomena [START_REF] Taylor | Liposomal Nanocapsules in Food Science and Agriculture[END_REF] . Similarly, liposomes are prone to chemical degradation mainly via oxidation of their fatty acid constitutive moieties. Despite the relative simplicity of liposomal lipids, oxidation mechanisms remain complex because they depend on the oxidation inducer, the antioxidant's partitioning and activity, but also on both the composition and physical properties of the liposomes [START_REF] Schnitzer | Peroxidation of liposomal lipids[END_REF] . For example, the size and number of layers in the liposome impact its stability [START_REF] Akbarzadeh | Liposome: classification, preparation, and applications[END_REF] . Apparently, LUV maintain their structural integrity when exposed to reactive oxygen species (ROS) generated outside the bilayer (in aqueous media). LUV are more sensitive to oxidation than MLV and they avoid the problem of partial accessibility of the oxidation inducer to external lipid bilayer as in MLV [START_REF] Schnitzer | Peroxidation of liposomal lipids[END_REF] . The oxidation of liposomes can be limited using the same strategies that are employed for the protection of classical oils (made of triacylglycerols). Such strategies involve the limitation of high temperature, light or oxygen exposure, as well as the use of exogenous antioxidants that can act by various mechanisms (e.g., metal chelators or radical scavengers) [START_REF] Waraho | Mechanisms of lipid oxidation in food dispersions[END_REF] .

In addition to their therapeutic use, liposomes have been used extensively as models for in vitro lipid oxidation studies [START_REF] Reis | Liposomes: Methods and protocols[END_REF] . The involvement of oxidants in several pathological disorders, including cancer, diabetes, cardiovascular diseases, chronic inflammatory disease, postischaemic organ injury, neurodegenerative disorders, and xenobiotic/drug toxicity has been widely documented [10][11][12] . No matter how oxidation is involved in tissue injury in human disease (origin of the disease or simply produced during the development of the damage), the mimetic bilayer structure of liposome represents an interesting tool to investigate the antioxidant potential of a compound, as well as drug-membrane interaction.

In a complex system where liposomes are involved, either in food, cosmetic or pharmaceutical formulations, the efficiency of these antioxidants would be governed, not only by their chemical reactivity, but also by their interactions with other components and their localization in the concerned systems. In particular, the most efficient antioxidants will be the unclear how this probe in its free fatty acid form could affect antioxidant effect due to its undefined membrane anchoring or because it may alter physical properties of membranes.

C11-BODIPY 581/591 (4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid), initially developed by Naguib (1998) [START_REF] Naguib | A Fluorometric Method for Measurement of Peroxyl Radical Scavenging Activities of Lipophilic Antioxidants[END_REF] , is another fluorescent probe that, once incorporated in liposomes, is extensively used as oxidizable substrate to evaluate lipid membrane peroxidation. This fluorescent fatty acid analog, which the BODIPY core is connected to a phenyl moiety via a conjugated diene, displays bright red fluorescence. This substrate is highly oxidizable by peroxyl radicals (ROO . ) and its oxidation leads to gradual extinction of the fluorescent signal. However, Huang et al (2002) [START_REF] Huang | Development and validation of oxygen radical absorbance capacity assay for lipophilic antioxidants using randomly methylated beta-cyclodextrin as the solubility enhancer[END_REF] showed that the C11-BODIPY 581/591 probe could undergo photobleaching and lose 30% of its fluorescence in the absence of AMVN. This suggests that, like cis-parinaric acid, C11-BODIPY 581/591 is photosensitive and should thus be taken into account. More recently, other probes corresponding to BODIPY conjugates of α-tocopherol were also used to evaluate the activity of antioxidants in liposomes [START_REF] Krumova | How Lipid Unsaturation, Peroxyl Radical Partitioning, and Chromanol Lipophilic Tail Affect the Antioxidant Activity of α-Tocopherol: Direct Visualization via High-Throughput Fluorescence Studies Conducted with Fluorogenic α-Tocopherol Analogues[END_REF][START_REF] Li | Sidechain Substitution is Key to the Reactivity of Naphthyridinol Antioxidants in Lipid Bilayers[END_REF] . The mechanism of these probes relies on the reaction of the phenolic moiety of the probe with ROO . resulting in enhanced fluorescence in comparison with classical BODIPY probes. Although all the probes mentioned above are widely used to assess antioxidant in liposomal systems, one can question the relevance of the obtained results since these probes are artificial molecules that are not encountered in living systems or formulations where liposomes are involved. In addition, most of the synthetic probes used to evaluate the antioxidant capacity (e.g., BODIPY and its derivatives, HDAF (hexadecanoylaminofluorescein) [START_REF] Santos | Interactions of sulindac and its metabolites with phospholipid membranes: An explanation for the peroxidation protective effect of the bioactive metabolite[END_REF] , DPH-PA (diphenylhexatriene propionic acid) [START_REF] Lúcio | Antioxidant activity of vitamin E and Trolox: Understanding of the factors that govern lipid peroxidation studies in Vitro[END_REF] ) have different lipophilic and charge properties, as a result different membrane affinity, mobility, location, and penetration depth, and therefore skew the antioxidant interpretation and correlation with biological cells. Accordingly, there is a need in developing new methods for the evaluation of antioxidant potency in liposomal media where the used probe would correspond to real phospholipids instead of artificial probes.

In 2008, our group has developed a new method to evaluate antioxidants capacity in oil-inwater emulsion, using Tung oil as oxidizable substrate which is particularly rich in trieleostearin 24 . Due to its conjugated triene, eleostearic acid exhibits a unique UV absorbance spectrum that is very convenient to estimate its oxidation rate by UV spectrophometry equipment (micro-plate reader). This method (CAT assay) is now used to assess the potential of natural antioxidants or plant extracts [START_REF] Durand | Evaluation of the ROS Inhibiting Activity and Mitochondrial Targeting of Phenolic Compounds in Fibroblast Cells Model System and Enhancement of Efficiency by Natural Deep Eutectic Solvent (NADES) Formulation[END_REF][START_REF] Laguerre | Characterization of Olive-Leaf Phenolics by ESI-MS and Evaluation of their Antioxidant Capacities by the CAT Assay[END_REF] , phenolipids [START_REF] Grajeda-Iglesias | Antioxidant activity of protocatechuates evaluated by DPPH, ORAC, and CAT methods[END_REF][START_REF] Sørensen | Antioxidant Properties and E ffi cacies of Synthesized Alkyl Ca ff eates, Ferulates, and Coumarates[END_REF][START_REF] Laguerre | Relationship between hydrophobicity and antioxidant ability of "phenolipids" in emulsion: a parabolic effect of the chain length of rosmarinate esters[END_REF] , synthetic antioxidants [START_REF] Zago | Synthesis of Lipophilic Antioxidants by a Lipase-B-Catalyzed Addition of Peracids to the Double Bond of 4-Vinyl-2-methoxyphenol[END_REF] or essential oils [START_REF] Tchobo | Chemical Composition and Ability of Essential Oils from Six Aromatic Plants to Counteract Lipid Oxidation in Emulsions[END_REF] . More recently, this method was also adapted to the use of a lipophilic azo initiator, namely AMVN to compare the behavior of hydrophilic and lipophilic antioxidants [START_REF] Panya | Apolar Radical Initiated Conjugated Autoxidizable Triene (ApoCAT) Assay: Effects of Oxidant Locations on Antioxidant Capacities and Interactions[END_REF] .

Herein, we propose a further version of this eleostearic-based emulsion assay, adapted to vesicle suspension. For this, an eleostearic phospholipid probe was synthesized, and its concentration in artificial membrane suspension was fine tuned in order to visualize its natural absorbance using microplate reader. Then, the conditions were established with the aim at promptly and efficiently probe the membrane oxidation by simply following the eleostearic phospholipid absorbance decay. Finally, this new method called "Vesicle Conjugated Autoxidizable Triene (VesiCAT)", was tested with addition of diverse antioxidants. Either in aqueous or membrane region, linear and reproducible responses over the concentration range were observed, with respect to liposomes induced peroxidation and antioxidant efficacy. were all purchased from Sigma-Aldrich (USA).

Extraction and purification of α-eleostearic acid from Tung Oil.

Eleostearic acid was isolated from Tung oil using a method adapted from [START_REF] Nicolet | 18 Fatty Acids. I. the Non-Identity of Eleostearic Acid Tetrabromide From Tung Oil With Ordinary Linolic Acid Tetrabromide.1[END_REF][START_REF] O'connor | The spectrophotometric determination of the alpha and beta isomers of eleostearic acid in tung oil[END_REF][START_REF] Durand | Assessing Interactions between Lipophilic and Hydrophilic Antioxidants in Food Emulsions[END_REF] . Tung oil (34 g) and potassium hydroxide (40.5 g) were dissolved in absolute ethanol (250 mL) in a 500 mL round-bottom flask under an argon atmosphere in the dark. The reaction mixture was stirred and refluxed for 3 h. The mixture was cooled to room temperature, to which 200 mL of distilled water was added, and the aqueous phase was washed three times with hexane (3 × 150 mL). The aqueous phase was then acidified (pH 2) with sulfuric acid solution (50% diluted, 9 M) and extracted three times with diethyl ether (3 × 200 mL). The combined diethyl 

Synthesis of 1,2-α-Eleostearoyl-sn-glycero-3-phosphocholine (DEPC) adapted from 36 :

To a solution of sn-Glycero-3-phosphocholine (GPC) (0.100 g, 0.4 mmol), pure α-eleostearic acid (0.556 g, 2 mmol) was added, in alcohol-free and anhydrous CHCl3 (6 mL), under stirring and inert atmosphere. A solution of freshly recrystallized PPyr32 (4pyrrolidinopyridine, 0.296 g, 2 mmol) and DCC (N, N′-dicyclohexylcarbodiimid, 0.388 g, 2 mmol), in 2 mL of CHCl3, was then added dropwise. After 24 h at 20°C, the reaction mixture was filtered on a Sartorius mini-sart filter syringe (0,45 µm), concentrated and re-diluted in 6mL of ethanol/water (9:1 v/v). Then, the product was purified, by HPLC semi-preparative chromatography (Thermo Ultimate 3000, Thermo Fisher Scientific, France) equipped with a fraction collector (AFC-3000), and a Hypersil Gold C18 column ( A total of 240 μL of these suspensions was transferred to a 96-wells microplate (Greiner, Frickenhausen, Germany). For assays, the liposomes were treated with 0.5 to 4 µM of antioxidant (30 µL from stock solution in PBS were added to the wells) and incubated with a control temperature at 34.5 ± 0.5°C (microplate reader temperature setting at 40°C). Finally, a total of 30 μL of a solution of AAPH in PBS (20mM), prepared immediately before reading, was added to wells to induce oxidation. The progress of reactions was immediately monitored by recording the decrease in absorbance at 273 nm. Measurements were performed every 2 min for 7.5 h, with a 5 s agitation before each measure, using an Infinite M1000 microplate reader (TECAN, Gröedig, Austria) equipped with Magellan software. All measurements were performed in triplicate and reported as the average ± standard deviation (SD).

Liposome oxidation assays with AMVN.

Preparation of liposomes started by dissolution of 16 mg of DLPC (Tc = -1°C) and 0. A total of 240 μL of these suspensions was transferred to a 96-wells microplate. For assays, the liposomes were treated with 1 to 8 µM of antioxidant (60 µL from stock solution in PBS were added to the wells). To induce oxidation, the temperature in the microplate wells was increased to 43 ± 0.5 °C and the progress of reactions was immediately monitored by recording the decrease in absorbance at 273 nm. Measurements were performed every 15 min for 7.5 h using an Infinite M1000 microplate reader equipped with Magellan software. An orbital agitation with a control temperature at 43 ± 0.5 °C in the microplate wells (temperature setting 47°C, equipment) before each measure was performed using a Grant Bio PHMP thermoshaker for microplates. All measurements were performed in triplicate and reported as the average ± SD.

Expression of VesiCAT assay results:

Comment citer ce document : Durand, E., Delavault, A., Bourlieu, C., Lecomte, J., Barea To normalize data, the raw absorbance signal was transformed in relative absorbance according to the Equation 1Relative absorbance = Abst / Abs0

Where Abst and Abs0 are absorbances measured at times t and 0 min, respectively. It is worth mentioning that if the measurement is not rapid enough after initiating the oxidation, the Abs0 for the blank (without antioxidant) may be lower than the sample containing the antioxidant.

In this case, to normalize Abs0, the experimental Abs0 of blank can be artificially replaced with the Abs0 of samples in Equation ( 1). The area under curve (AUC) corresponding to relative absorbance decay was then calculated as follows

AUC = 1 + Abst1/Abs0 + Abs2/Abs0 … + Abs299/Abs0 … + Abs300/Abs0 (2) 
The net protection area provided by an antioxidant sample was then calculated using the difference between the AUC in the presence of an antioxidant sample (AUCSample) and the AUC of the blank (AUCControl), the latter consisting of the same mixture without antioxidant.

Trolox was used as a calibrator for antioxidant capacity measurements. Thus, the antioxidant capacity of a sample relative to Trolox (VesiCAT value) is given as:

VesiCAT value = [(AUCSample -AUCControl) / (AUCTrolox -AUCControl)] x [(moles of Trolox/moles of sample)] (3) 
A VesiCAT value was calculated for both AAPH-and AMVN-induced oxidation. Regarding the AMVN-induced oxidation, AUC80 corresponding to the area under the curve obtained after 80% of DEPC oxidation was calculated. The net protection area provided by the antioxidants and the VesiCAT values were calculated in the same way using equations ( 2) and

(3). For this, a two-steps procedure (Figure . 1) was applied to the synthesis of a phosphatidylcholine having two eleostearic alkyl chains: first, the extraction and purification by recrystallization of the eleostearic acid from Tung oil [START_REF] Durand | Assessing Interactions between Lipophilic and Hydrophilic Antioxidants in Food Emulsions[END_REF] , and, second, phospholipid synthesis through nucleophilic substitution using sn-glycero-3-phosphocholine [START_REF] El Alaoui | Development of a High-Throughput Assay for Measuring Phospholipase[END_REF] . The soobtained di-eleostearic phospholipid (DEPC) was then used as new marker to assess oxidation once incorporated into model membrane systems (liposomes). Indeed, the conjugated trienes bound onto the phosphocholine moiety exhibit very high oxidative sensitivity and strong absorption in the ultraviolet domain characterized by a signal having three peaks at 263, 273, and 283 nm (Figure . 2). Under oxidizing conditions induced by a hydrophilic peroxyl radical generator (AAPH) at 40°C in phosphate buffer solution (pH 7.2), we showed that oxidative degradation of such liposomes enriched in DEPC probe, could be kinetically followed by measurement of the absorbance decrease at 273 nm (Figure 2). Concomitantly, an increase in absorbance at around 230 nm was also observed due to oxidative degradation of the conjugated trienes system to conjugated dienes 24,[START_REF] Brauer | The autoxidation of β-eleostearic acid: the application of the spectrophotometer to the study of the course and the kinetics of the reaction[END_REF] .

Comment citer ce document : Durand, E., Delavault, A., Bourlieu, C., Lecomte, J., Barea We also studied the natural oxidation of the DEPC in a liposomal system in the absence of azo initiator (data not shown). However, we observed that oxidation kinetics were much slower (~days) than artificially induced oxidation (~hours), which appears to be incompatible with high-throughput purpose. That is why the use of azo initiators was chosen. Indeed, despite their artificiality, they are easy to use, enabling a constant, fast, and temperaturecontrolled rate of peroxidation. Two different radical generators (namely AAPH (hydrophilic)

and AMVN (lipophilic)) were used with the aim at comparing water-soluble and interface membrane radical initiation. We first adjusted the main parameters (e.g., oxidizing conditions, liposome preparation, DEPC concentration), and then validated the method by using some phenolic antioxidants.

VesiCAT assay development and validation with antioxidants

VesiCAT with water radical initiation (AAPH)

The method was developed with the simplest liposomal system, made with non-oxidizable phospholipids having different alkyl chain lengths, namely DLPC and DPPC. For this, two different large unilamellar vesicles, prepared with a blend of DEPC/DLPC and DEPC/DPPC, were made to evaluate how membrane structure can affect the kinetics of oxidation and antioxidant response. Liposomes suspensions were oxidized at 34.5 ± 0.5 °C (liquid temperature in wells) with a constant flux of radical initiators generated in the aqueous phase by thermo degradation of AAPH. For this, the AAPH concentration was fixed at 2 mM, which represents a good compromise between the oxidation rate and the substrate/azo initiator ratio. developing the CAT assay [START_REF] Li | Sidechain Substitution is Key to the Reactivity of Naphthyridinol Antioxidants in Lipid Bilayers[END_REF] . Its addition at different concentrations (from 0.5 to 8 µM) in liposome suspensions before initiating oxidation with AAPH led to an expected, and a desired, progressive delay in the absorbance decay (Figures. 3 and4).

Many strategies could be used to measure and represent the antioxidant capacity such as: the area under the curve (AUC), the reaction rate with free radicals, the inhibition time, and the antioxidant concentration necessary to achieve 50% inhibition (IC50 different inhibition degrees may provide different antioxidant values (even change the ranking) because any activity of the reaction after the fixed point is totally overlooked [START_REF] Prior | Standardized methods for the determination of antioxidant capacity and phenolics in foods and dietary supplements[END_REF] .

However, for methods utilizing AUC, there is a clear starting point and a clear endpoint, and its calculation exploits both inhibition time and degree of oxidation, thus reflecting the different reaction kinetics. From those reasons, we believe that assays using AUC provide global information, whereas other approaches may give more specific data. However, kinetic parameters such as lag phase duration and initial rate can be also evaluated to get more insight on the oxidation mechanisms.

In the AAPH-induced oxidations, the net protection AUC of the reference (AUCTrolox -AUCControl) versus concentration, allowed for a perfect linear relationship (R 2 ≥ 0.997), with values equivalent to 9.8-fold ± 0.4 the Trolox concentration in DEPC/DLPC (Figure. Thus, regardless of the nature of the antioxidants and membrane composition, the oxidation of the phospholipid follows very similar and consistent trend. It is worth noting that the higher the leading coefficient of the linear function represented by the net protection versus antioxidant concentration, the better the antioxidant capacity is. Thus, rosmarinic acid showed the best antioxidant ability over the rest of the molecules. The results are not very surprising because this compound has been already attested to be an efficient antioxidant whether in formulated lipid dispersions or homogenous systems 24,[START_REF] Soobrattee | Phenolics as potential antioxidant therapeutic agents: Mechanism and actions[END_REF] . Its strong antioxidant capacity is often correlated with its two catechol functions. On the contrary, gallic acid presented the lowest efficiency, whereas chlorogenic acid and quercetin exhibited very similar protection effect. Here, the antioxidant capacity is the result of the scavenging/reducing free radicals properties of molecules, but also of their capacity to alter the reactive oxygen species propagation from the fatty acids within the membranes. It is worth noting that the main purpose of this article is not to compare and discuss about the antioxidant effects, but rather to describe the new method. Nevertheless, it is necessary to recognize that the method exposes predictable antioxidant ranking for such experiments with rosmarinic acid > quercetin ~ chlorogenic acid > gallic acid, in accordance with theoretical expectations, because of the number and position of the hydroxyl groups as well as the degree of conjugation of the whole molecule [START_REF] Apak | Antioxidant Activity/Capacity Measurement. 1. Classification, Physicochemical Principles, Mechanisms, and Electron Transfer (ET)-Based Assays[END_REF][START_REF] Rice-Evans | Structure-antioxidant activity relationships of flavonoids and phenolic acids[END_REF] .

VesiCAT with membrane radical initiation (AMVN)

The same approach was performed using liposoluble AMVN as azo initiator. AMVN is a synthetic azo-compound that dissociates to form C-centered free radicals and then peroxyl radicals by oxygen reaction, in the hydrophobic phospholipid bilayer. Unlike water-based initiators, AMVN must be added before vesicles formation. For that reason, the VesiCAT DLPC of 1:20, suitable to observe a linear absorbance related to concentration. In these conditions, 50% of the probe was oxidized after 48.5 ± 4.9 min.

As previously for AAPH induced oxidation, Trolox was used as a reference standard, and its addition at different concentrations (from 0.5 to 5 µM) in the LUV suspension before starting oxidation by increasing temperature, led to the same observation with a progressive delay in the absorbance decay (Figure . 7). However, in the oxidation experiments carried out with AMVN, the kinetic behavior, especially the very slow return to baseline, was different making the calculation of the total AUC more difficult. This is possibly the result of more complex reactivity between antioxidants and oxidant species, with a higher order reaction rate than the ones obtained in the AAPH assays. Thus, for AMVN-induced oxidation, the AUC80 corresponding to the area under the curve obtained after 80% of DEPC oxidation was calculated. In this condition, the net protection AUC80 of the reference (AUC80_Trolox - 

VesiCAT assays: comparison of the results

It appears that the order of effectiveness of the AAPH-induced oxidation assays is gallic acid < Trolox < quercetin ~ chlorogenic acid < rosmarinic acid, whereas it is chlorogenic acid < gallic acid < quercetin < rosmarinic acid < Trolox for AMVN-induced oxidations. When the equation ( 3) provided in material and methods section is applied, rosmarinic acid exhibited the highest VesiCAT value in all assays, followed by quercetin, whereas gallic acid showed very low values (Table . 1). As already mentioned, chlorogenic acid showed very opposite trends with respect to antioxidant capacity. It is an efficient antioxidant with aqueous generated oxidants, but poor antioxidant while oxidant species are generated in membrane domain. This is the perfect example that the effectiveness of antioxidants could be related to the type of inducer and the region where oxidant species are initiated and spread. Beside the membrane composition effect, the antioxidant capacity of molecules may result not only on their chemical interaction with other molecules involved in the oxidation pathway, but also on their location, concentration, distribution into the different regions (e.g., interfacial lipid membranes, water), or even penetration depth in membrane [START_REF] Durand | The nonlinear effect of alkyl chain length in the membrane interactions of phenolipids: Evidence by X-ray diffraction analysis[END_REF] . In addition, another fundamental facet to consider is the mobility of antioxidants in such assays monitored over few hours. When an antioxidant is added to the liposomal suspension, it will move to 

CONCLUSION

This study describes a new absorbance probe-based method (VesiCAT) for measuring liposome oxidation. The di-eleostearic phospholipid (DEPC) probe was synthesized through a two-steps procedure, and the experimental conditions were finely tuned to observe and measure its oxidation in liposomal systems. This is very unique system, and the big advantage over the other artificial probes is that the probe corresponds to real phospholipids. Indeed, the current probes used to evaluate the antioxidant capacity have different lipophilic and charge properties, and when blending with membrane, they could alter physical properties. In addition, their membrane affinity, mobility, location, penetration depth, and orientation are uncertain and would likely be different to a fatty acid esterified on a phospholipid. All these characteristics are essential while measuring antioxidant activity and therefore, imprecisions could misinterpret the antioxidant responses.

Considering that the region of oxidation may induce different oxidation pathways and therefore antioxidant responses, two inducers, with opposed solubility, were implemented to initiate oxidation. Results, carried out on several antioxidants, showed that the assays are reproducible and efficient, and pointed out that the AAPH-and AMVN-induced oxidations provide further information on the antioxidants efficacy. Moreover, methods were developed with liposomes made with DLPC or DPPC, but the new DEPC probe could also be combined with more complex membrane composition or different types of vesicles. 

  Preparation of liposomes started by combining of 8 mg of DPPC (Tc = 42°C) or DLPC (Tc (phase transition temperature) = -1°C) and 0.8 mg DEPC (800µL from DEPC stock solution at 1 mg.mL -1 in anhydrous CHCl3) in CHCl3. The mixture was put in a round bottom flask and the solvent was then slowly removed, in the dark, at room temperature by rotary evaporator to form a thin lipid layer at the bottom of the flask. The lipid film was kept under vacuum for 2 h to remove the solvent traces. The phospholipids were resuspended for 30 min with 10 mL of phosphate buffer (PBS, pH=7.2) at a temperature above the Tc (50°C for DPPC, 20°C for DLPC) of the lipid. This suspension was sonicated in a bath sonicator(5 min, Comment citer ce document : Durand, E., Delavault, A., Bourlieu, C., Lecomte, J., Barea, B., Figueroa Espinoza, M.-C., Decker, E. A., Salaun, F. M., Kergourlay, Villeneuve, P. (2017). Eleostearic Phospholipids as Probes to Evaluate Antioxidants Efficiency against Liposomes Oxidation. Chemistry and Physics of Lipids, 209, 19-28. DOI : 10.1016/j.chemphyslip.2017.10.006 11 35 KHz, Transonic T 425/H, Elsloo, The Netherlands) and put back in the incubator for another 30 min of stirring and returned to the bath sonicator for an additional 15 min. The suspension was subsequently subjected to 10 cycles of extrusion in an Avanti mini-extruder apparatus (Alabama, USA) with 100-nm polycarbonate filters. After extrusion, the 10 mL of liposomes were diluted with 10 mL of PBS. All liposome samples were freshly prepared the day of the experiments. Particle size distribution was assessed with a nanoparticle size analyzer (Nicomp N3000 DLS System, Port Richey, USA). The Dynamic Light Scattering analyses showed LUV to be monodisperse, with mean diameter = 133.8 ± 20.6 nm.

  8 mg DEPC (800 μL from DEPC stock solution at 1mg.mL in anhydrous CHCl3), and 1.5 mg of AMVN prepared in 2 mL of CHCL3, put in a round bottom flask and the solvent was then slowly removed at room temperature by rotary evaporator, to form a thin lipid layer at the Comment citer ce document : Durand, E., Delavault, A., Bourlieu, C., Lecomte, J., Barea, B., Figueroa Espinoza, M.-C., Decker, E. A., Salaun, F. M., Kergourlay, Villeneuve, P. (2017). Eleostearic Phospholipids as Probes to Evaluate Antioxidants Efficiency against Liposomes Oxidation. Chemistry and Physics of Lipids, 209, 19-28. DOI : 10.1016/j.chemphyslip.2017.10.006 12 bottom of the flask. The lipid film was kept under vacuum for 2 h to remove the solvent traces. The phospholipids were resuspended with 10 mL of PBS at 20°C (30 min in the incubator). This suspension was sonicated in a bath sonicator (5 min) and put back in the incubator for another 30 min of stirring and returned to the bath sonicator for an additional 15 min. The suspension was subsequently subjected to 10 cycles of extrusion in an Avanti miniextruder apparatus (Alabama, USA) with 100-nm polycarbonate filters. After extrusion, the 10 mL of liposomes were diluted with 10 mL of PBS. All liposome samples were freshly prepared the day of the experiments. Particle size distribution was assessed with a nanoparticle size analyzer (Nicomp N3000 DLS System, Port Richey, USA). The Dynamic Light Scattering analyses showed LUV to be monodisperse, with mean diameter = 132.3 ± 11.3 nm.
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 4 show the results of DEPC oxidation experiments carried out in DLPC or DPPC model membranes, respectively. A mass ratio of 1:10 DEPC to other phospholipids allowed for the best condition to observe a linear absorbance related to its concentration. The results indicated that the DEPC oxidation kinetic in DLPC or DPPC membranes is almost the same, with 50% of the DEPC being oxidized after 34.5 ± 4.9 min and 32 ± 5.1 min, in DLPC and DPPC respectively. Overall, the VesiCAT assay validation consisted of verifying whether the addition of an antioxidant compound resulted in a delay in oxidation of the model liposomes, which could be spectrophotometrically evaluated by monitoring the decay in absorbance at 273 nm. First, Trolox (water-soluble analog of αtocopherol) was used as a reference standard similarly to what we did previously when

3 ) and 8 . 3 -

 383 fold ± 0.5 the Trolox concentration in DEPC/DPPC membranes (Figure. 4). In addition, various antioxidants at different concentrations were tested in the different membrane composition (Figures.3 and 4). These model antioxidants were chosen according to their occurrence in the literature dealing with antioxidant behaviors and also on the fact that they cover different chemical structures from simple phenolic compounds to more complex molecules. Through calculation of the AUC, good linear relationships (R 2 ≥ 0.98) were established between net protection areas (AUCAntioxidants-AUCControl) and antioxidant concentrations for all phenolics tested, both in DLPC (Figure. 5) and DPPC (Figure. 6) vesicles.

  method was described with DLPC membranes, where the lower liquid-crystalline phase transition temperature than DPPC allowed preparing of LUV at low temperatures (20° C) without triggering AMVN radical production and initiation of fatty acid oxidation. Liposome Comment citer ce document : Durand, E., Delavault, A., Bourlieu, C., Lecomte, J., Barea, B., Figueroa Espinoza, M.-C., Decker, E. A., Salaun, F. M., Kergourlay, Villeneuve, P. (2017). Eleostearic Phospholipids as Probes to Evaluate Antioxidants Efficiency against Liposomes Oxidation. Chemistry and Physics of Lipids, 209, 19-28. DOI : 10.1016/j.chemphyslip.2017.10.006 19 suspensions were oxidized at 43 ± 0.5 °C (liquid temperature in wells) with a constant flux of radical initiators generated in the membrane bilayer by thermo degradation of AMVN. Dotted lines Figure. 7 show the result of DEPC oxidation carried out with a mass ratio DEPC to

  AUC80_Control) versus concentration, allowed for a perfect linear relationship (R 2 ≥ 0.998), with values equivalent to 3.4-fold ± 0.6 the Trolox concentration in DEPC/DLPC membranes (Figure. 7). From a kinetic standpoint, Trolox exhibited different behaviors in both oxidation assays. It essentially showed inhibition of probe degradation in the AMVN-induced oxidation, with an insignificant oxidation lag phase. Conversely, in AAPH-induced oxidation, Trolox exhibited an oxidation lag phase proportionate to its concentration. Very similar observation has been made by Panya and co-workers while comparing oxidation after lipid or aqueous phase induction in Tung oil in water emulsion 32 . The same antioxidants were tested at different concentrations to prevent DEPC oxidative degradation by means of AMVN-induced Comment citer ce document : Durand, E., Delavault, A., Bourlieu, C., Lecomte, J., Barea, B., Figueroa Espinoza, M.-C., Decker, E. A., Salaun, F. M., Kergourlay, Villeneuve, P. (2017). Eleostearic Phospholipids as Probes to Evaluate Antioxidants Efficiency against Liposomes Oxidation. Chemistry and Physics of Lipids, 209, 19-28. DOI : 10.1016/j.chemphyslip.2017.10.006 20 oxidation (Figure. 7). Through calculation of the AUC80, good linear relationships (R 2 ≥ 0.98) were established between net areas at 80% of DEPC oxidation (AUC80_Antioxidant-AUC80_Control) and antioxidant concentrations (Figure. 8). Unlike the AAPH-induced oxidation, Trolox appeared to be the best antioxidant. Contrariwise, chlorogenic acid showed the poorest antioxidant efficacy, whereas it was one of the best ones with AAPH assays.

Figure. 1 :

 1 Figure. 1: Synthesis pathway of the 1,2-α-Eleostearoyl-sn-glycero-3-phosphocholine (DEPC) probe.

Figure. 2 : 30 Figure 3 : 32 Figure 6 :Figure 7 : 33 Figure 8 :

 23033267338 Figure. 2: UV signal of DEPC probe in DLPC membrane (1:10, w:w), and monitoring of its oxidation

  

  

  

  In that context, relevant methods are needed to evaluate the efficiency of antioxidants for the protection of liposomes against oxidation.Typically, the majority of existing methods are based on the measurement of oxidation rate in the absence or presence of the tested antioxidant in experimental protocols where phospholipids oxidation is generally induced by radical initiator or metal, and oxidation is measured by quantifying lipids primary and/or secondary oxidation compounds. Many other methods use fluorescent probes to evaluate the extent of lipid peroxidation in liposomal
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, B., Figueroa Espinoza, M.-C., Decker, E. A., Salaun, F. M., Kergourlay, Villeneuve, P. (2017). Eleostearic Phospholipids as Probes to Evaluate Antioxidants Efficiency against Liposomes Oxidation. Chemistry and Physics of Lipids, 209, 19-28. DOI : 10.1016/j.chemphyslip.2017.10.006 5 ones expressing the best capacity to locate in the close vicinity, or more specifically, in the phospholipid membrane of the liposome. systems. For example, Kuypers et al. (1987) 13 demonstrated the advantages of using cisparinaric acid (9-cis,11-trans,13-trans,15-cis-octadecatetraenoic acid) as fluorescent probe. This fatty acid containing four conjugated double bonds exhibits high fluorescence properties (λex/em: 320/432 nm), as well as high sensitivity to free radical attacks. The key point is that the fluorescence of cis-parinaric acid is irreversibly lost during its oxidation, so many tests have been developed using this substrate 14 . For example, Osaka et al. (1997) 15 assessed the ability of amphotericin B to overcome peroxidation of cis-parinaric acid complexed in liposomes using lipophilic AMVN (2,2'-azobis (2,4-dimethylvaleronitrile)) azo initiator. Cisparinaric acid as probe is indeed attractive due to the fact that it can be anchored in membranes which have led to a good detection sensitivity of oxidative processes in these highly organized structures. However this probe has some drawbacks: it is air sensitive and photolabile and undergoes photodimerization under illumination, which can result in loss of fluorescence and overestimation of the extent of lipid peroxidation 16 . Moreover, the results can be biased if the interfering molecule absorbs all or part of the excitation and/or emission photons. Also, the fluorescence and absorption measurements of the polyene is particularly sensitive to environmental perturbations, such as static electric fields 17 . Moreover, it is Comment citer ce document : Durand, E., Delavault, A., Bourlieu, C., Lecomte, J., Barea, B., Figueroa Espinoza, M.-C., Decker, E. A., Salaun, F. M., Kergourlay, Villeneuve, P. (2017). Eleostearic Phospholipids as Probes to Evaluate Antioxidants Efficiency against Liposomes Oxidation. Chemistry and Physics of Lipids, 209, 19-28. DOI : 10.1016/j.chemphyslip.2017.10.006 6
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AND DISCUSSION 1: Description of the methodology

  Method development for evaluation of the antioxidant properties of molecules or extracts is of a great challenge. Indeed, it is very important for both industrial and academic prospects, to implement relevant, rapid, easy, and reliable assay. Here, we describe a new and highthroughput assay that we called "Vesicle Conjugated Autoxidizable Triene (VesiCAT)", based on the spectral properties of conjugated fatty acid naturally present in Tung oil. The strategy consisted of synthesizing a phospholipid containing eleostearic acid (an octadecatrienoic acid with a conjugated triene).
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  Comment citer ce document : Durand, E., Delavault, A., Bourlieu, C., Lecomte, J.,Barea, B., Figueroa Espinoza, M.-C., Decker, E. A., Salaun, F. M., Kergourlay, Villeneuve, P. (2017). Eleostearic Phospholipids as Probes to Evaluate Antioxidants Efficiency against Liposomes Oxidation. Chemistry and Physics of Lipids, 209, 19-28. DOI : 10.1016/j.chemphyslip.2017.10.006 21interfacial lipid membrane to reach its equilibrium distribution between interface and water phases. However, depending on the nature of antioxidant, this kinetic process (and equilibrium constant) may be significantly different and sometimes not fully resolved within the lifetime of the experiment.A striking example to understand how the distribution affects the results is the important difference that may be observed in antioxidant responses in liposome assays, if antioxidants are blended with phospholipid before vesicles formation or added after. Indeed, it is different if the antioxidant has to move from dispersed liposome (core or interface) to dispersion water phase, or the reverse. Thus, the combination between mobility and equilibrium constant distribution has to be considered. In addition, one should keep in mind that all these phenomena explained with the parent antioxidant molecules, are also true with the daughter antioxidant molecules (oxidized antioxidants), introducing another complexity in the antioxidant interpretation due to the different chemico-physical properties of the newly-Trolox seems to have the best mobility and/or distribution in membrane, since it showed a low antioxidant efficacy in the AAPH assays, but the highest net protection in AMVN assay. Conversely, chlorogenic acid, which is quite a good radical Comment citer ce document : Durand, E., Delavault, A., Bourlieu, C., Lecomte, J., Barea, B., Figueroa Espinoza, M.-C., Decker, E. A., Salaun, F. M., Kergourlay, Villeneuve, P. (2017). Eleostearic Phospholipids as Probes to Evaluate Antioxidants Efficiency against Liposomes Oxidation. Chemistry and Physics of Lipids, 209, 19-28. DOI : 10.1016/j.chemphyslip.2017.10.006 22scavenger/reducer of free radicals (AAPH assays), is very poor in the AMVN assay. One reason could be a slow mobility combined, or not, with a low distribution in the interfacial domain.

	formed molecule. Overall, the VesiCAT method, developed with the two main different sites
	of oxidation (membrane and aqueous) provides consistent results and additional details. In
	this VesiCAT method, AMVN assays seem to provide more information about the molecule
	distribution and mobility toward the membrane region, whereas AAPH experiments would
	give more information about scavenging/reducing free radicals ability. In the light of the
	aforementioned statement, one may say that among the tested antioxidants, rosmarinic acid is
	the best one to scavenge/reduce free radical (VesiCAT values (TE) > 4, in the AAPH assays);
	chlorogenic acid and quercetin have intermediate efficiencies (VesiCAT values (TE) ~ 2.5, in
	the AAPH assays); whereas gallic acid has the lowest value (VesiCAT values (TE) < 1, in the
	AAPH assays). In addition,
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Table 1 :

 1 ). Eleostearic Phospholipids as Probes to Evaluate Antioxidants Efficiency against Liposomes Oxidation. Chemistry and Physics of Lipids, 209, 19-28. DOI : 10.1016/j.chemphyslip.2017.10.006 34 Comparison of the antioxidant values obtained with the VesiCAT assays, expressed as Trolox equivalents (TE) of four pure phenolic compounds. All measurements were performed in triplicate VesiCAT assays and reported as the average ± standard deviation (SD).

	VesiCAT Values (TE)
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