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Electrochemistry and confocal fluorescence microscopy were successfully combined to selectively bleach and monitor the fluorescence of NBD-labelled phospholipids of giant liposomes. Three types of giant unilamellar vesicles have been investigated, the fluorescent phospholipids being localized either mainly on their outer-, inner-, or both inner/outer leaflets. We established that only the fluorescent lipids incorporated in the outer leaflet of the vesicles underwent electrochemical bleaching upon reduction. The relative fluorescence intensity decay was quantified all along the electrochemical extinction through an original Fluorescence Loss In Electrobleaching (FLIE) assay. As expected, the re-organization of the fluorescent phospholipids followed diffusion-driven dynamics. This was also evidenced by comparison with Fluorescence Loss In Photobleaching (FLIP) and the corresponding numerical model. The value of the lateral diffusion coefficient of phospholipids was found to be similar to that obtained by other methods reported in literature. This versatile and selective bleaching procedure appears reliable to explore important biological and pharmacological issues.

Introduction

Combination of electrochemistry with confocal or wide field fluorescence microscopy techniques is of high interest in the fields of analytical chemistry, biophysics and chemical physics. On the one hand, fluorescence microscopy allows imaging and fluorescence quantification. On the other hand, electrochemistry can be used to switch fluorescence on and off. [1] The coupling of fluorescence microscopy with electrochemistry has notably proved to be a powerful approach in view of obtaining both time-and spatially-resolved information at the molecular level. Besides, several works reported in this field focus on the electrochemical establishment of pH or concentration gradients. In the first case, the main strategy relies on the use of pH-sensitive fluorescent probes. This approach was well developed in the 1990s by Engstrom and coworkers to monitor, with a wide field fluorescence microscope, reactions producing or consuming protons at the level of an electrode. [2][3][4] Following the work reported on the use of confocal Raman microscopy to map molecular diffusion at microelectrodes, [5,6] Unwin and colleagues successfully imaged in 2002, for the first time, three-dimensional pH gradients at electrode surfaces thanks to the use of a confocal laser scanning microscope which improves the axial and lateral resolutions. [7] In this case, the local pH changes due to the electrochemical reduction of benzoquinone to hydroquinone were evidenced thanks to the presence of fluorescein which displayed pH-dependent fluorescent signal. Confocal pH measurements in solution were also performed later by Boldt et al. in the presence of a scanning electrochemical microscope. [8] Contrary to pH-gradients, the establishment of concentrationgradients is mainly based on the use of molecules possessing both fluorescent and redox properties. In this case, the measured fluorescence is directly dependent on the potential applied. For instance, the diffusion concentration profile resulting from the oxidation of the fluorescent tris(bipyridine) ruthenium(II) into the non-fluorescent tris(bipyridine)-ruthenium(III) could be mapped by confocal microscopy. [9] Very recently, Doneux and coworkers successfully coupled electrochemistry with confocal microscopy to investigate the electrochemical reactivity of the resazurin-resorufin fluorogenic couple and to reconstruct in 3D the diffusion layer of the fluorescent probe. [10] Though decoupled from the electrochemical reaction of interest, we can also cite the work reported by Zhang and colleagues who developed an imaging tool called "fluorescence-enabled electrochemical microscopy", the principle of which being to associate a redox reaction to a fluorogenic reporter reaction through a closed bipolar electrode. [11][12][13] Combination of fluorescence microscopy with electrochemistry can be also interesting in the presence of adsorbed fluorescent probes. For instance, Bizzotto et al. have used in situ fluorescence to investigate the reductive desorption of self-assembled monolayers made of fluorescently tagged alkylthiols. [14,15] The technique relies on the fact that light emission from a fluorophore may be quenched when placed in close proximity ( 50 nm) to a bulk metallic surface. A fluorescent signal is therefore observed only when the adsorbed molecule becomes desorbed and separated from the electrode surface. More recently, the same group combined electrochemical measurements with in situ fluorescence imaging to monitor the poration / absorption / incorporation process of liposomes (100 nm in diameter), made of DOPC phospholipids, into a fluorescent adsorbed monolayer of octadecanol-covered surface. [16] Fluorescent redox probes can be also trapped in biomolecular architectures such as liposomes which are used as biomembrane and protocell models. [START_REF] New | liposomes: A Practical Approach[END_REF][START_REF] Sackmann | Structure and Dynamics of Membranes: From Cells to Vesicles[END_REF] On the other hand, liposomes with diameters of a few micrometers and above are particularly attractive systems due to their accessibility to optical microscopy and various micromanipulation techniques. [START_REF] Luisi | Giant Vesicles[END_REF][START_REF] Messina | [END_REF] In this context, Bard and Zhan combined scanning electrochemical microscopy and fluorescence to probe the outside and the inside of individual giant liposomes (15-50 µm in diameter) in which the fluorescent tris(bipyridine)ruthenium(II) was encapsulated. [21] However, our literature survey did not highlight any works involving redox fluorescent probes bound to phospholipids diffusing in lipid membranes. Several confocal microscopybased methods have been developed to switch off fluorescence locally in order to obtain physiological and physico-chemical information about cellular dynamics. [START_REF] Pawley | Handbook of Biological Confocal Microscopy[END_REF] Among them, Fluorescence Recovery After Photobleaching (FRAP) and Fluorescence Loss In Photobleaching (FLIP) are the two most popular fluorescence microscopy techniques. [START_REF] Axelrod | [END_REF][24][25][26] Interestingly, these methods are based on a photobleaching step which allows to switch the fluorescence off by high intensity illumination with a focused laser beam. However, considering the energy of the laser beam, care must be taken to avoid disruption of the cellular structure. [27,28] On the other hand, photobleaching-based methods cannot be used to investigate events occurring at the scale of a single lipid bilayer thickness due to the poor laser beam focusing resolution (µm) compared to the lipid bilayer thickness (4 nm). Under these conditions, discrimination between the outer and the inner leaflet of a membrane is therefore not possible. Yet, such discrimination are essential notably for the investigation of mechanisms related to the entrance and exit of active molecules across lipid membranes, a hot topic in the development of innovative pharmaceutical strategies.

In the present contribution, we focused on the development of an original combination between electrochemistry and confocal microscopy to monitor the electrochemical bleaching of fluorescently-labelled phospholipids diffusing in giant unilamellar vesicles membranes (GUVs: 10 -50 µm in diameter) deposited on a transparent conductive surface. For the first time, we show that electrochemistry is a powerful tool to selectively bleach the fluorescence emitted by NBD (7-nitrobenz-2-oxa-1,3-diazole) a well-known redox fluorescent probe especially used to investigate the translocation of cell-penetrating peptides. [29][30][31][32][33] Importantly, compared to photobleaching techniques such as FRAP and FLIP, the electrochemical bleaching process does not affect the fluorescent probes localized "inside" the vesicles thus providing a methodology to discriminate between the outer and the inner membrane leaflets. A comparison of this original Fluorescence Loss In Electrobleaching (FLIE) procedure with FLIP established that the re-organization of the fluorescent phospholipids followed lateral diffusion dynamics, as assessed by the excellent agreement between the experimental fluorescence decay and a model established for FLIP experiments. This procedure therefore appears relevant to explore a variety of biological issues.

Results and Discussion

Development and optimization of a device allowing the preparation and the observation of asymmetrical fluorescent liposomes. The electrochemical reduction of giant unilamellar vesicles (GUVs) essentially tagged on their outer leaflets with NBD (7-nitrobenz-2-oxa-1,3-diazole), used as a model redox fluorescent probe, was first investigated. Accordingly, a first series of GUVs made of 1,2-dioleoyl-snglycero-3-phosphoglycerol (DOPG) phospholipids, a classical anionic phospholipid used to prepare endosome models, and of a small fraction (5 mol. %) of 1,2-dipalmitoyl-sn-glycero-3phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) was prepared. The preparation method for such asymmetrical liposomes was inspired from the works reported by Weitz, [START_REF] Pautot | Proc. Natl. Acad. Sci[END_REF] Baigl, [START_REF] Yamada | [END_REF] and Ces [36] who developed protocols to generate giant liposomes from an oil/water interface. Briefly, lipid-coated water/sucrose-in-oil (W/O) droplets (destined for the inner leaflet) were passed through an oil-water/glucose (O/W) column with an interfacial monolayer of lipids to form the vesicle outer-leaflet. The different densities between sucrose and glucose solutions allowed the W/O droplets crossing the O/W phase, forming thus giant vesicles at the bottom surface of the chamber (Figure 1; see the Supporting Information for full experimental details). [34, 36].

Therefore, we developed an original and specific cell made of poly(dimethylsiloxane) (PDMS) allowing not only the in situ preparation and observation of GUVs by fluorescence confocal microscopy, but also the electrochemical reduction of NBD-PE phospholipid probes (see details in S.I.). As shown in Figure 2A, a PDMS well was bonded onto a glass microscope slide previously coated with a thin layer of ITO (10 nm in thickness), a conductive and transparent electrode material commonly used in spectro-electrochemistry experiments. Nevertheless, it was observed that electrochemical properties of ITO were modified after prolonged polarizations (500 seconds) at a cathodic potential of -0.7 V/Ag/AgCl corresponding to the value at which the NBD nitro group is reduced (vide infra). According to recent reported works, [37][38][39] the cathodic polarization of ITO thin films leads to morphological, optical, and conductivity changes of the material due to the reduction of its metallic sites. We overcame this drawback by covering the ITO surface with a thin gold layer (20 nm in thickness). Chronoamperograms obtained in the presence of such ITO/Au surfaces remained much more stable than those obtained in their absence (see S.I.). Cyclic voltammetry of NBD-glycine, used as model, was performed in the same cell to determine the reduction potential value of the fluorescent probe under the same conditions as those used to bleach NBD-tagged giant vesicles. Accordingly, and in agreement with similar nitro derivatives, [40,41] the first reduction wave of NBD was observed at -0.7 V/Ag/AgCl (S.I.). Although light transmission of the NBD probe through the ITO/Au bilayer was only half that transmitted through an unmodified glass microscope cover slide (see S.I.), it was intense enough to visualize NBD-tagged GUVs (Figure 2B). As sketched in Figure 2A, a Pt wire and a Ag/AgCl wire (0.5 mm in diameter each) used as the counter and the reference electrodes, respectively, were inserted into the well to complete the electrochemical device. In Figure 2B is represented a typical confocal microscopy image focused at the equatorial plane of a giant unilamellar vesicle composed of DOPG and of a small fraction (5 mol. %) of NBD-PE fluorescent phospholipids on its outer leaflet.

To improve the stability and integrity of vesicles (some of them were found to be opened on the gold surface i.e. having an around 10 micrometers pore size) the electrode surface was modified with a biotin monolayer (see details in S.I.). [42] This modification affected neither the light transmission nor the electrochemical properties of the gold layer. 

Electrochemical bleaching of the outer leaflet of NBDlabelled giant liposomes -An original approach called

Fluorescence Loss In Electrobleaching (FLIE). Our approach was validated by a first series of experiments performed in the presence of outer leaflet NBD-labelled vesicles. Typically, after verifying both the integrity of the vesicle and its contact with the electrode surface (some vesicles did not reach the bottom of the well) a confocal image was taken at the equatorial plane of the GUV. The working electrode was then polarized at a constant cathodic potential value of -0.9 V/Ag/AgCl (i.e. 200 mV more negative than the reduction peak of the NBD nitro group). The potentiometric pulse was interrupted after 30 seconds, and a new confocal microscopy image was taken, still focused at the equatorial plane of the vesicle (i.e., out of the electrochemicallybleached area). This sequence was repeated about 20 times on the same vesicle to follow fluorescence variations at the vesicle equatorial plane as a function of the polarization time. Figure 3 shows a typical series of confocal microscopy images obtained as a function of the reduction time and focused at the equatorial plane of a GUV containing DOPG phospholipids and a small fraction (5 mol %) of fluorescent phospholipids (NBD-PE) on its outer leaflet. Clearly, the fluorescence intensity decreased with the number of potentiometric pulses, or in other words with the progress of the reduction reaction. Importantly, fluorescence extinction was not due to a photo-bleaching process since constant fluorescence intensities were obtained under open circuit conditions (compare A and B in Figure 3). This also indicates that excited NBDfluorophores were not quenched near the thin metal surface (20 nm thickness) as often observed at the surface of thick metallic materials. [14,15,43,44] On the other hand, polarization of the working electrode at -0.9 V also triggers water and oxygen reduction (see the cyclic voltammogram of NBD in the S.I.). Reduction of NBD could possibly be achieved according to a H2 mediated process, and/or OH  that is known to switch off the NBD fluorescence through a pH jump. [45,46] However, the pH increase possibly triggered through the production of hydroxyl anions would be compensated by the generation of protons at the anode through water oxidation since the auxiliary and working electrodes are not separated in the well. Additionally, we showed that bubbling H2 in a NBD-glycine containing solution did not quench the fluorescence. Furthermore, it was impossible to quench a vesicle which was not in contact with the electrode surface, a parameter verified through z stacking in confocal microscopy, demonstrating that no electrogenerated species diffusing in the bulk of the solution was able to switch NBD fluorescence off. This point also rules out the possible indirect reduction of NBD by the superoxide anion (O2  ) or any transient A B Time species that would be produced in case of oxygen reduction. Moreover, at the vesicle/electrode interface, the oxygen concentration is expected to be very small when the GUV is in contact with the electrode surface. Also, it is very unlikely that superoxide anions may easily reach lipid-NBD probes located in a negatively charged (DOPG) environment. Under these conditions, the global fluorescence decrease observed at the GUV equatorial plane can be ascribed to the direct (heterogeneous) electrochemical reduction of the NBD probes in contact with the electrode surface. Note that similar fluorescence extinction decays were obtained at gold bare surfaces indicating that the electron transfer efficiency was not affected by the presence of a biotin monolayer (see S.I.). At this stage it is noteworthy that our approach may be viewed as analogue to the Fluorescence Loss In Photobleaching (FLIP) technique in the sense that the latter consists in switching off the fluorescence by a high intensity illumination, with a focused laser beam, while fluorescence is monitored out of the bleached area. [START_REF] Axelrod | [END_REF][24][25][26] However, the additional interest of an electrochemical switching allows to ascertain that only molecules located in the outer leaflet can be switched (see below). By analogy with the FLIP technique, this quenching method can therefore be assimilated to a bleaching process where the laser beam is replaced by an electrode, thus prompting us to introduce the FLIE acronym (for Fluorescence Loss In Electrobleaching) to qualify this method. The initial electrochemical bleaching only occurs in the region corresponding to the surface of the GUV in contact with the electrode. Yet, the depletion caused by electrolysis generated a concentration gradient triggering a diffusion of fluorescent phospholipids towards the fluorophoredepleted region of the GUV. [47,48] Moreover, when the polarization of the electrode was performed continuously, as in FLIP experiments, the fluorescence intensity decay overlapped the one obtained for successive polarizations (see S.I.), indicating that the fluorescence decay observed at the equatorial plane did not arise from the period of relaxation between two successive electrolyses. Indeed, this time (few seconds) is much shorter than the characteristic time of diffusion-driven relaxation (roughly hundreds of seconds; see below).

Discrimination between the outer and the inner membrane leaflets.

The qualitative electrochemical bleaching of the outer leaflet of NBD-labelled giant liposomes led us then to test our approach in view of a possible discrimination between the outer and the inner membrane leaflets. Accordingly, the fluorescence extinction was then quantitatively investigated as a function of the NBD fluorescent probe localization: (a) either mainly on the outer, (b) mainly on the inner, (c) or on both inner/outer leaflets. Fluorescence variations at the equatorial plane of GUVs were corrected from background signals and photo-bleaching (see details in S.I.) and quantified as a function of the number of potentiostatic polarizations and the total time elapsed for the electrochemical reduction. Results are summarized in Figure 4, where F 0 and F are the corrected fluorescence intensities at time 0 and at time t, respectively. Three different behaviors were obtained depending on the fluorescent probe main localization. First, almost no fluorescence extinction was obtained in the presence of innerleaflet NBD-labelled vesicles demonstrating that electrochemical reduction of fluorescent probes that are inside the vesicle cannot be achieved. As already verified, the slight fluorescence loss (around 10 %) was not due to a photobleaching process. Actually, a small fraction of fluorescent phospholipids may have been incorporated in the outer leaflet of the vesicle during their preparation. [START_REF] Pautot | Proc. Natl. Acad. Sci[END_REF][START_REF] Yamada | [END_REF] Conversely, a significant fluorescence intensity decrease was observed in the case of outer-leaflet NBD-labelled vesicles. Almost 80 % of the fluorescence was indeed quenched after 600 seconds of electrochemical reduction/bleaching. As a symmetrical situation of the preparation of inner-leaflet labelled vesicles, outer-leaflet tagged vesicles finally presented 20% of the fluorescent phospholipids inserted in the inner leaflet, a proportion consistent with reported values in ref. [START_REF] Pautot | Proc. Natl. Acad. Sci[END_REF] . Accordingly, fluorescence extinction of both inner-and outer-leaflet NBDlabelled vesicles led to an average fluorescence extinction of 50 %. Similarly to the two previous series of experiments, some dissymmetry in the NBD-PE repartition between the two leaflets most likely happened, but they compensated. Indeed, the normalized fluorescence intensity at t = 600 s laid in the 0.32-0.69 range with a mean value of 0.50 ± 0.033 (S.E.). Note that one could wonder whether the inter-leaflet heterogeneity in terms of repartition of fluorescent phospholipids NBD-PE could arise from the dynamics of phospholipid exchange between the inner and outer leaflets. Actually, the characteristic time for lipid flip-flop is far too low to be taken into account within the time window of the electrolyses. [49] Importantly, and contrary to the FLIP technique, these results confirmed that electrochemical bleaching only concerned fluorescent phospholipids localized on the outer-leaflet of vesicles allowing thus discrimination between both sides of lipid bilayers.

Fluorescent lipids re-organization upon electrochemical bleaching. The strong analogy between the FLIE assay and the FLIP technique prompted us to carry out a more thorough comparison of both techniques. It was notably important to verify whether the re-organization of the fluorescent phospholipids observed during the FLIE assay followed the expected diffusiondriven dynamics. In this context, FLIP experiments were first performed experimentally on the same GUV population and the resulting fluorescence decay simulated to determine the phospholipid lateral diffusion coefficient. In FLIP experiments presented in the following, photo-bleached zones were localized at the top of vesicles (radius a). The same results were obtained when photobleaching was performed at the bottom of vesicles i.e. where the membrane is in contact with the electrode surface. The region to be bleached was defined (disk with ableach radius) and then confocal microscopy observations were performed at the equatorial plane of GUVs allowing subsequent fluorescence loss monitoring during photo-bleaching. The bleaching consisted in sequences of 20 laser pulses (3 s duration each). The vesicle equatorial plane was imaged between successive sequences of laser pulses. A typical fluorescence decay obtained under these conditions is shown in Figure 5. The fluorescence loss at the equator was then simulated, assuming a lateral diffusion-directed refilling of the bleached region. The model relies on the numerical solution of the diffusion equation solved on the surface of the oblate spheroidal vesicles (see S.I. for details). The diffusion coefficient value (D = 4 µm 2 .s -1 ), obtained through the fitting procedure, was consistent with those reported for the reorganization of similar phospholipids from other methods featuring fluorescence correlation spectroscopy (FCS), [50] single particle tracking, [51] or FRAP [52] . The numerical fit of FLIP data presented in Figure 5, for inner/outer labelled vesicles, was then compared with FLIE data for outer-leaflet labelled vesicles since the latter technique was shown not to bleach the inside of vesicles. To be relevant the comparison of FLIP and FLIE was made with vesicles possessing similar ableach / a (bleached surface radius / vesicule radius) ratios. The value of ableach which corresponds to the membrane surface in contact with the electrode was determined from confocal images. Accordingly, these ratios were equal to 0.66 and 0.71 in FLIP and FLIE techniques, respectively. As shown in Figure 6, a good fit between experimental and simulated data was obtained confirming that the FLIE technique also generates fluorophore gradients which trigger lateral diffusion of the lipids. Interestingly, these results show that FLIE performed on vesicles could be used to estimate diffusion coefficient values. Moreover, since FLIE only affects probes located in the outer leaflet, one can envision to study phospholipid dynamics even in asymmetrical vesicles without fast acquisition requirement as in FCS, FRAP or single particle tracking-based methods. 

Conclusions

We have established that electrochemistry is a powerful tool to selectively bleach the fluorescence emitted by redox-active fluorophores localized on the outer leaflet of a lipid bilayer. Compared to photobleaching techniques such as FRAP and FLIP, the electrochemical bleaching process does not affect the fluorescent probes localized inside the vesicles thus providing an exploration tool allowing discrimination between the outer and the inner membrane leaflets. This electrochemical process also discards the use of chemical reducing agents that may undergo slow internalization within vesicles. [53] Furthermore, the FLIE procedure appeared reliable to explore the re-organization dynamics of a single leaflet in real time. The capacity to totally bleach the fluorophores located in the outer leaflet also enables the possibility to monitor their passage between inner and outer leaflets (e.g. flip-flop of lipids) with confocal microscopy. This versatile approach appears very promising in the exploration of biological and pharmacological issues related to the internalization or release of analytes across lipid membranes.

Experimental Section

Lipids. 1,2-dioleoyl-sn-glycerol-3-phospho-(1'-rac-glycerol) sodium salt (DOPG, 10 mg / mL in chloroform) and 1,2-dipalmitoyl-sn-glycero-3phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) ammonium salt (NBD-PE, 1 mg / mL in chloroform, λex=460 nm, λem=535 nm) were purchased from Avanti Polar Lipids. Chemicals. Mineral oil Bio-ultra, D-(+)-Glucose, Sucrose, and Biotin were obtained from Sigma Aldrich. Phosphate buffer saline (PBS) tablets (10 mM phosphate, 150 mM sodium chloride; pH 7.4) were purchased from GIBCO Invitrogen Corporation. All chemicals were used without further modification. Solutions. Water was highly purified (resistivity = 18 M.cm; Milli-Q system; Millipore, Billerica, MA, USA). Glucose and sucrose solutions were prepared by dissolving 6.3 g and 12 g of each compound, respectively, in 50 mL of PBS, to reach a final concentration of 0.7 M and an osmolarity around 990 mOsm. Device fabrication. The experimental device shown in Figure 2 is based on a home-made well inspired by the work reported by Yamada et al. [START_REF] Yamada | [END_REF] Details are given in the S.I. Giant Unilamellar Vesicles (GUVs). The preparation of GUVs was based on the work reported by Yamada et al. who developed a protocol to generate liposomes from an oil/water interface. [START_REF] Yamada | [END_REF] For full experimental details see the S.I. Electrochemical experiments. Just before each experiment, and after the vesicles preparation, the electrochemical device shown in Figure 2 was completed by inserting, through the PDMS well, a Ag/AgCl wire (0.5 mm in diameter) and a platinum wire (0.5 mm in diameter) used as the reference and the counter electrode, respectively. Then, a series of electrochemical reduction were performed by applying a potential value of -0.9 V (µAUTOLAB Type III). A picture of the remaining fluorescence at the equatorial plane of the GUV was taken after every 30 seconds until 300 s then every 60 seconds until 600 seconds. After the end of each experiment, the vesicle integrity was verified. Details are given in the S.I. part. Imaging of GUVs. Giant vesicles were observed by phase-contrast and confocal microscopy (Zeiss LSM 710), using EC Plan-Neofluar 10x (numerical aperture 0.3) and EC Plan-Neofluar 20x (numerical aperture 0.5) objectives. More details are given in the S.I. part.

Image analysis and fluorescence quantification. Images were analyzed with the ImageJ software (http://rsb.info.nih.gov/ij/). The average fluorescence intensity at the equatorial plane of each GUV was measured using the Azimuthal Average plugin. See S.I. for fluorescence quantification details. FLIP experiments. FLIP experiments were performed with the same confocal fluorescence microscope as that used for GUVs imaging (Zeiss LSM 710). Photo-bleaching experiments were carried out with a circular spot using the 458 nm lines from a 40 mW argon laser operating at 100 % power. In FLIP experiments, focus was made on the top of the vesicle (radius a), where it appears as a uniform disk. The region to be bleached was defined (disk with radius ableach), and focus was then made at the equatorial plane of the GUV allowing subsequent fluorescence loss monitoring during bleaching. The bleaching was performed with sequences of 20 laser pulses (3 s total duration). The vesicle equator was imaged between successive sequences of laser pulses. Fluorescence images were acquired at the GUVs equatorial plane as a function of time, at a low laser intensity (0.2 % laser power) under the following conditions: 2 or 3x optical zoom, 512 x 512 pixel resolution, depth 8 bits, nominal speed of 9 (total scan speed <1 s). The pinhole was set at 1 Airy, corresponding to an optical section of 5 μm. Details on data analysis and the corresponding numerical model are given in the S.I.
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 1 Figure 1. Schematic illustration showing the asymmetric GUV generation via phase transfer. Adapted from refs.[34, 36].
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 2 Figure 2. A) Scheme of the experimental device allowing preparation as well as visualization of giant vesicles before and during the electrochemical extinction of fluorescence. B) Typical fluorescence (top) and transmission (bottom) microscopy images focused at the equatorial plane of a giant unilamellar vesicle (50 µm in diameter) made of DOPG and of NBD-PE on its outer leaflet (5 mol. %) and settled at the bottom of the PDMS well as sketched in A).

Figure 3 .

 3 Figure 3. Typical series of confocal microscopy images focused at the equatorial plane of a GUV (50 µm in diameter) containing DOPG phospholipids and a small fraction of fluorescent phospholipids (NBD-PE; 5 mol. %) on its outer leaflet obtained in (A) the presence and (B) the absence of cathodic polarization (-0.9 V/Ag/AgCl) of the ITO/Au surface. For simplification, only pictures recorded every minute (until 8 minutes) are shown in (A) and (B).

Figure 4 .

 4 Figure 4. Fluorescence variations as a function of polarization time (E = -0.9 V/Ag/AgCl) obtained at a biotinylated electrode surface for () inner (N = 5), () inner/outer (N = 13), and () outer (N = 5) leaflet NBD-labelled DOPG GUVs. The numbers N between parentheses are those of the GUV analyzed in each case. The error bars represent the standard error (S.E.).

Figure 5 .

 5 Figure 5. Fluorescence intensity decay obtained during a FLIP experiment of outer+inner leaflet NBD-labelled giant vesicle (65 µm in diameterableach / a = 0.66)black points (experimental data) and corresponding modelization (green dashed line) of lateral diffusion driven decay of fluorescence; D = 4 µm 2 /s, µ=0.8, α=0.8, mean deviation 7x10 -4 per point. µ and α are defined in Supporting Information.

Figure 6 .

 6 Figure 6. Comparison between the numerical model of fluorescence intensity decay obtained through the FLIP assay (green dashed line) and the fluorescence decay obtained during FLIE experiments involving outer leaflet NBD-labelled GUVs (red points) also presented in Figure 4.
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