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This short review is aimed at emphasizing the most prominent recent works devoted to the fluorescence modulation of organic fluorescent or fluorogenic molecules by electrochemistry. This still expanding research field not only addresses the smart uses of known molecules or the design of new ones, but also investigates the development of instrumentation providing time-and space-resolved information at the molecular level. Important considerations including fluorescent/fluorogenic probes, reversible/irreversible fluorescence switch, direct/indirect fluorescence modulation, or environment properties are especially scrutinized in recent works dealing with bioanalysis perspectives.

Introduction

In recent years, the interest in stimuli-responsive molecules encompassing thermal, photonic, electric, pH…external triggers has grown rapidly with the multiplication of applications such as the reversible control of molecular memories, molecular logic gates, ion sensing, bioanalysis and fluorescence imaging. Accordingly, electrochemical commands aimed at modulating the fluorescence of molecules have been particularly explored, notably in analytical and bioanalytical chemistry, considering that many analytes are redox-active and can be detected/mapped with high sensitivity through fluorescence. With this respect, numerous organic and organometallic dyes, dyads, triads, or polymers exhibiting both fluorescence and redox properties are continuously developed and investigated [1,2]. In parallel, instrumental methodologies aimed at synchronizing electrochemical stimulation and fluorescence detection have been developed to provide reliable time-and space-resolved responses, as well as information at the molecular level [3,4]. Two types of electrochemical fluorescence switch can be obtained depending on the redox starting state of the molecule. Hence, a molecule is said fluorescent when it is emissive in its stable/original form and less or non-emissive when oxidized or reduced. Conversely, when a molecule is poorly emissive (or nonemissive) in its starting state but becomes emissive when oxidized or reduced, it is called fluorogenic. From the electrochemical point of view, the switch on/off of fluorogenic/fluorescent molecules may appear reversible, as this is related to the stability of the electrogenerated new redox state. Nevertheless, both reversible and irreversible situations may be interesting as a function of the targeted applications. Whatever the intrinsic photo-redox and chemical properties of these molecules, their fluorescence may also strongly depend on the physico-chemical parameters of their surrounding environments (polarity, pH). This article reviews some essential fluorescent and fluorogenic organic probes used in molecular electrochemistry with a special emphasis on recent works having potential applications in bioanalysis. It does not ambition to provide an exhaustive list of organic electrochemically-activable fluorescent or fluorogenic molecules. Actually, it surveys the most prominent recent works achieved in this field through illustrative examples. The first paragraph deals with the direct electrochemical switch (reversible or not) of some important fluorescent organic molecules in polar and non-polar environments. In the second paragraph, a focus is made on fluorogenic molecules whose fluorescence modulation is electrochemically promoted either directly or indirectly. A specific paragraph is devoted to pH-responsive fluorogenic probes possessing redox properties. It is noteworthy that most of the redox organic fluorescent dyes described in the first paragraph may also behave as fluorogenic species when they are covalently connected to a redox unit. In this case, molecules are generally non-emissive under photonic excitation due to a photoinduced electron or an energy transfer process. Oxidation or reduction may prevent this transfer either by a direct change of the redox state for photoinduced electron transfer or indirectly by shifting the absorption features in the case of energy transfer. Combination of rhodamine and ferrocene [5] or BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) and a fullerene C60 [6] are two typical examples recently investigated. Similarly, fluorescence of BODIPY was quenched when adsorbed at a gold metal surface whereas luminescence was only observed for molecules reductively desorbed and then separated from the electrode surface [7]. For all these developments the readers are invited to refer to recent relevant reviews [1 -4]. 

Direct electrochemical switch of organic fluorescent molecules

The use of molecules whose luminescent properties are directly related to their redox state is a straightforward way to electrochemically modulate fluorescence. In that respect, a direct electrochemical switch has been evidenced on various families of redox-fluorescent organic molecules. These molecules generally possess a rigid aromatic or -conjugated backbone because molecular motions like rotation or vibration are well-known nonradiative de-excitation pathways. Moreover, fused aromatic rings, possibly incorporating heteroatoms (N, O, S) are recurrent substructures of organic fluorophores (Figure 1). On the one hand, situations where fluorescence modulation can be directly and reversibly achieved by electrochemistry are particularly targeted in the development of electrofluorochromic devices. Such situations require the electrogenerated species to be stable enough to be reduced/oxidized back into the initial stable redox state. On the other hand, a quest for an irreversible electrochemical switch may be relevant notably to discriminate between two different molecular populations. In the following, both reversible and irreversible switches are presented. Rhodamine derivatives such as rhodamine 6G (R6G) or rhodamine 101 (R101) are known as standards for quantum yield determinations. They are typical electrofluorochromic probes whose fluorescence can be directly and reversibly modulated by electrochemistry. Yet, in 2001, first electrochemical investigations of the R6G molecule, at a gold electrode surface and in aqueous solution, showed an irreversible reduction process associated to the strong adsorption of the probe on gold material [8]. Nevertheless, modification of the gold electrode surface with 4,4'bipyridine suppressed the adsorption step and led to a quasireversible one-electron process. Under these conditions, spectroelectrochemistry investigations showed a progressive fluorescence decrease under reduction of R6G while the starting luminescence could be recovered under re-oxidation of the R6G reduced form [8]. More recently, the commercially available R101 has been investigated in a polar organic solvent such as acetonitrile: it was established that the radical form of R101, obtained upon mono-electronic electrochemical reduction, was non-fluorescent. Furthermore, fluorescence emission could be recovered by switching the potential to a value positive enough to allow the re-oxidation of the radical, establishing the electrofluorochromic properties of R101. Interestingly, multiple On/Off fluorescence switch events could be observed during several minutes, demonstrating the reversibility of the redox activation/deactivation process (Figure 2) [9]. Perylene diimides are another family of redox-fluorescent organic compounds which are popular thanks to their i) emission in the visible spectrum, ii) their strong absorption and fluorescence, iii) their good thermal, chemical, and photochemical stability. As a representative example, the electrochemical behavior of perylene dipentylimide displayed in dichloromethane two fully reversible one-electron reduction processes at -0.38 V/SCE and -0.58 V/SCE ascribed to the formation of an anion and a dianion, respectively [10]. Under successive electrochemical reduction / oxidation switches (0 → -0.8 → 0 → -0.8 V/SCE etc…) the fluorescence of perylene dipentylimide (ex = 480 nm; em = 540 nm) decreased and increased accordingly. It was further shown that the quenching of fluorescence coincided with the first reduction peak.

In 2006, it was established for the first time that tetrazine derivatives could undergo reversible electro-fluorescent switches thanks to the design of an electrofluorochromic system allowing fast potential switching, thus limiting the time window required for side reactions to proceed [11]. Accordingly, the starting fluorescent chloro-methoxytetrazine became non-emissive when a negative potential value was applied (electroformation of the corresponding anion-radical and dianion). Importantly, most of the fluorescence was restored through the application of a positive potential value (oxidation) regenerating the starting neutral molecule. Such electro-fluorescence switching was found to be reversible upon repetitive cycling.

Compounds based on the BODIPY skeleton (4,4-difluoro-4bora-3a, 4a-diaza-s-indacene) constitute a large class of fluorophores [12] notably for bioimaging applications. The narrow absorption/emission bands in the visible region and high fluorescence quantum yields of the 4,4-difluoro-4-bora-3a,4adiaza-s-indacene core are key characteristics of BODIPY-based bio-labels and sensors, which also benefit from the synthetic tunability of their optical properties, photostability, and solubility. Generally, BODIPY derivatives can be reversibly oxidized into a non-emissive cation radical [13,14]. Among the most relevant modifications of the BODIPY core, the substitution of carbon by nitrogen between the two pyrrolic units shifted the emission in the Triphenylamine derivatives also constitute a family of very promising candidates for applications in electrofluorochromism.

Similarly to BODIPY, redox potential, fluorescence wavelength and intensity can be tuned according to the nature of the substituent on the triphenylamine core. Triphenylamine derivatives generally exhibit moderate to high fluorescence quantum yields in their neutral state whereas their corresponding electrogenerated cation-radicals are non-fluorescent. Though fluorescence switching could be achieved from both electrodonating and electro-withdrawing substituted triphenylamines, donor groups stabilize the radical cation, a feature recommended for the fabrication of electrofluorochromic materials [16].

Interestingly, some molecules display both electrochromic (EC) and electrofluorochromic (EFC) properties opening avenues in the development of multifunctional optoelectronic devices. The example of carbazole, a polycyclic aromatic hydrocarbon consisting of two six-membered benzene rings fused on either side of a five-membered nitrogen-containing ring is interesting. When combined with dibenzofuran, the original carbazoledibenzofuran derivatives display both EC and EFC properties [17]. From the EFC point of view, it was shown that the fluorescence intensity of these carbazole-dibenzofuran derivatives can be reversibly modulated from their redox states. Accordingly, the starting emissive neutral compounds become non-emissive when reduced in the corresponding radical anions.

Thienoviologen are also compounds displaying interesting EC and EFC properties. The first examples of electrofluorochromic -conjugated ionic liquid crystals based on thienoviologens substituted by long alkyl chains were reported in 2014 [18]. Electrofluorescence emission/extinction could be observed several times upon repeated On/Off switching cycles.

Compared to the above-described molecules, Nile Red is mostly known as a lipophilic stain because it is not emissive in most polar solvents, but can be intensely fluorescent when located in a lipid-rich environment. Moreover, Nile Red is a highly fluorescent solvatochromic dye [19]. As the polarity of the solvent increases, the absorption and emission spectra exhibit a bathochromic shift to longer wavelengths. Moreover, it was established that fluorescence quantum efficiency decreases in solvents prone to form hydrogen bonds [20]. Recently, Nile Red was used to track the attachment of microdroplets (filled with this fluorogenic species) onto carbon fibers [21]. More precisely, it was used to fluorescently and electrochemically label an organic-inwater emulsion, where the organic phase was an ionic liquid / toluene mixture. Under these conditions, the fluorescence intensity of the surface bound particles appeared to switch off and on as a function of the applied potential. The two-electron / twoproton reduction of the starting Nile Red compound led to a nonor weakly-fluorescent product. Conversely, the fluorescence intensity of the droplets was found to increase upon oxidation demonstrating the reversibility of the process.

Though reversible electrochemical fluorescence modulation is particularly interesting and sought in the development of electrofluorochromic devices, irreversible processes can also be relevant notably in the discrimination between species internalized and not internalized in lipid vesicles. This approach was recently developed to quantify amounts of cell-penetrating peptides (CPP) that had crossed vesicular lipid membranes [22]. CPP were labeled with NBD (7-nitrobenz-2-oxa-1,3-diazole), a small organic dye displaying a strong fluorescence in non-polar media such as phospholipids. In a typical experience, NBDlabelled peptides were first incubated with large unilamellar vesicles (100 nm in diameter). Then, the fluorescence emitted by non-internalized peptides was cleanly switched off through the electrochemical reduction of the NBD nitro group whereas internalized NBD-CPP remained fluorescent. Accordingly, the NBD-labeled peptides that had been internalized into the vesicles could be easily quantified from the residual fluorescence. Importantly, this discrimination proved to be efficient not only when the lipid membrane was in gel phase, but also in fluid phase, demonstrating the beneficial contribution of electrochemistry compared to chemical reduction (e.g. using dithionite, S2O4 2-as the chemical reducing agent) [23]. As shown in Figure 3, the use of dithionite when vesicular lipid membranes were under fluid gel indiscriminately led to a switch off of all the NBD-labelled peptides (internalized and externalized) while electrochemistry only switched off the remaining external peptides leading thus to a clear discrimination between both peptide populations. This work demonstrated how electrochemically-controlled fluorescence could unambiguously quantify the proportion of internalized peptides without interferences often observed with reducing agents. Interestingly, this work was further successfully extended to NBD-labelled phospholipids (P) in view of discriminating between outer and inner leaflets of vesicles [24]. Indeed, this distinction is impossible with usual fluorescence techniques such as FRAP (Fluorescence Recovery After Photobleaching) or FLIP (Fluorescence Loss In Photobleaching) due to limitations in optics and poor laser beam focusing resolution. Accordingly, three kinds of vesicles made of 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) phospholipids (95 mol%), 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) were investigated as a function of the localization of NBD fluorescent lipid: (a) either on the outer, (b) or on the inner, (c) or on both inner/outer leaflets. After verifying both the integrity of the investigated vesicle and its contact with a biotinylated transparent electrode surface made of ITO (Indium Tin Oxide, 10 nm in thickness), the working electrode was polarized at a potential value (-0.9 V vs. Ag/AgCl) sufficiently negative to reduce the NBD nitro group and turn NBD-PE to its non-fluorescent state (Figure 4). First, fluorescence remained unchanged on vesicles labelled on the inner leaflet (A), confirming that the electrochemical reduction cannot be achieved for probes not in direct contact with the electrode surface (e.g. located inside the vesicle). The slight fluorescence loss (around 10 %) was very likely due to the fact that 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 NBDlabelled vesicles (C). In this case, almost 80% of the fluorescence was quenched after 600 seconds of electrochemical reduction. As a symmetrical situation of the preparation of inner-leaflet-labeled vesicles, outer-leaflet-tagged vesicles finally presented 20% of the fluorescent phospholipids inserted in the inner leaflet, a proportion consistent with reported values [START_REF] Pautot | Proc. Natl. Acad. Sci[END_REF]. A 50% fluorescence extinction was observed on vesicles where both inner and outer leaflets are labeled with NBD-PE.

In conclusion, and contrary to the FLIP technique, these results confirmed that electrochemical bleaching only concerned fluorescent phospholipids localized on the outer-leaflet of the vesicles, thus allowing a discrimination between internal and external lipid bilayers. Furthermore, simulation of the fluorescence loss observed at the equatorial plane of vesicles established that the fluorescence decay was driven by phospholipid-lateral diffusion towards the electrochemical bleached area (i.e the electrode/vesicle interface). This allowed an estimation of the diffusion coefficient of phospholipids located on the outer-leaflet. By analogy with the FLIP technique (Fluorescence Loss In Photobleaching), the FLIE acronym was therefore introduced to qualify this powerful electrochemical quenching method (FLIE for: Fluorescence Loss In Electrobleaching) [24].

Electrochemical switch ON or/and detection of organic fluorogenic molecules

This section is devoted to organic fluorogenic molecules whose fluorescence can be electrochemically switched either directly or upon electrochemical generation of a pH gradient that is an important parameter notably in bioanalysis. Moreover, a focus will be done on pH-responsive probes also possessing redox properties in view of concomitant optical/electrochemical detections (Figure 6). Interestingly, most of the redox fluorogenic molecules investigated in electrochemistry have been used for in situ imaging in fluorescence microscopy. Accordingly, the most relevant fluorogenic organic molecules investigated through electrochemistry and fluorescence microscopy are presented in the following. Resazurin (RZ) [29] Fluorescein [37][38][39][40][41][42][43][44] FFN102 [48,49] 

Direct induced fluorescence modulation

A first relevant example of a fluorogenic probe undergoing direct electrochemical fluorescence modulation is resazurin (RZ), also called Alamar Blue, which is a blue (abs= 640 nm) fairly fluorescent redox dye (fluo = 640 nm, fluo= 0.11) [27]. Upon electrochemical reduction (bi-electronic process), RZ is irreversibly converted into resorufin (RF), the latter species absorbing at a lower wavelength than the starting molecule (abs= 570 nm) and exhibiting a brighter fluorescent than RZ (fluo= 0.42 in aqueous solution at pH 10 [28]) [27,29] (Figure 7). Interestingly, resorufin (RF) is itself reducible into dihydroresorufin (DH), through a reversible 2 electrons process, which neither absorbs visible light nor emits fluorescence. In summary, the reversible reduction of RF to DH is responsible for a fluorescence extinction whereas the irreversible reduction of the poorly emitting RZ to RF is accompanied by an emission enhancement due to the large increase in quantum yield. Based on these properties, the combination of electrochemistry with in situ fluorescence confocal microscopy allowed the reactivity investigation of RF and the reconstruction of its relative concentration profile around the electrode. Thanks to this original approach, surface heterogeneity of the electrode surface could also be potentially studied [29]. Combination of Scanning Electrochemical Microscopy (SECM) and fluorescence microscopy was also successfully achieved using resorufin as fluorophore and redox mediator [30].

Recently, a comproportionation reaction between the nonfluorescent dihydroresorufin (DH) and the oxidized weakly fluorescent RZ species was evidenced and led to the highly fluorescent RF thanks to the combination of electrochemistry and fluorescence confocal laser scanning microscopy which allowed a precise mapping of the fluorescence modulation in the vicinity of an electrode surface [31].

Dihydroresorufin was also used as a fluorogenic indicator in fluorescence-enabled electrochemical microscopy (FEEM) a new electrochemical imaging technique [32]. In this work, the authors correlated the fluorescence intensity of the fluorogenic dye and the electrochemical oxidation current during potential sweep experiments on a bipolar electrode. This concept of FEEM was extended to bipolar microelectrode arrays [33]. In this work, fluorescence microscopy and bipolar electrodes were used to reveal electrochemical and electrocatalytic activity on large electrochemical arrays. More precisely, a bipolar electrode was used to directly couple a conventional oxidation reaction, e.g. the oxidation of ferrocene, to a special fluorogenic reduction reaction. The generation of the fluorescent product on the cathodic pole enables one to directly monitor an electrochemical process with optical microscopy. The same group has also investigated 3D diffusion layers by correlating fluorescence images acquired at the reporting pole of an array of bipolar electrodes with the distance between a microelectrode and the other sensing pole of the array. In other words, fluorescence-enabled electrochemical microscopy was employed to image transient concentration profiles of redox species electrogenerated at ultramicroelectrodes [34].

Indirect induced fluorescence modulation

In some cases, the fluorescence of fluorogenic probes can be indirectly activated. This is particularly the case of pHresponsive probes whose fluorescence depends on the pH of the solution. Actually, fluorescein is a typical molecule used by electrochemists when a production/consumption of protons is triggered at the level of an electrode. Fluorescein, which exhibits strong fluorescence in its basic form [35,36], was notably used for the establishment of pH gradients. The approach was developed in the 1990s to monitor, with a wide field fluorescence microscope, reactions producing or consuming protons at the level of an electrode [37][38][39]. In 2002, following the work reported on the use of confocal Raman microscopy to map molecular diffusion at microelectrodes, [40,41] three-dimensional pH gradients were successfully imaged at electrode surfaces using a confocal laser scanning microscope that improved the axial and lateral resolutions. [42] In this case, the local pH changes caused by the electrochemical reduction of benzoquinone to hydroquinone were evidenced thanks to the presence of fluorescein, which displayed a pH-dependent fluorescent signal. Confocal pH measurements in solution were also performed later in the presence of a scanning electrochemical microscope [43].

Recently, fluorescein, which displays exalted fluorescence under basic conditions, was used in an original sensing concept allowing delocalized detection of biorelevant molecules (1,4naphthoquinone and dopamine) at bipolar electrodes. The approach is based on the generation of local pH gradients which allow the indirect detection of redox-active molecules due to a modulation of the fluorescence intensity in the vicinity of the bipolar electrode. Accordingly, an oxidation is taking place at the anodic pole of the bipolar electrode, while protons are consumed at the cathodic extremity. The consumption of H + locally increases the pH, leading to enhanced fluorescence compared to the background intensity [44].

A similar approach was recently developed for visualizing cancer cell surface glycoprotein [45]. In this case, the device consisted in an anodic sensing cell and a cathodic reporting cell connected together by a screen-printed electrode patterned on poly(ethylene terephthalate) membrane. In the sensing cell, anti-MUC1 antibody immobilized on a chitosan-multiwalled carbon nanotube (CSMWCNT)-modified anodic bipolar electrode channel was used for capturing mucin-1 (MUC1) or MCF-7 cancer cells. Then ferrocene (Fc)-labeled mucin 1 aptamers were introduced through hybridization. Under an applied voltage, the ferrocene was oxidized and the electroactive molecules of 1,4-benzoquinone (BQ) in the cathodic reporting cell were reduced. This produced a strongly basic 1,4-benzoquinone anion radical (BQ •-), which turned on the fluorescence of pH-responsive molecules of (2-(2-(4-hydroxystyryl)-6-methyl-4Hpyran-4-ylidene)malononitrile) (SPM) coexisting in the cathode reporting cell for both spectrophotometric detection and imaging [45].
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Fluorogenic coumarin derivatives also possessing redox properties for concomitant optical/electrochemical detection of exocytotic release

The design of redox organic fluorescent or fluorogenic molecules requires a particular attention when bioanalysis perspectives are envisioned. Within this context, important parameters such as (i) the nature of the investigated biological mechanism and (ii) the ability of the fluorescent/fluorogenic probe to be uptaken by the investigated cells must be taken into consideration before synthesizing the probe. The quest for pH-responsive fluorogenic probes displaying independent redox and fluorescent properties is a typical example in the case of vesicular exocytosis [46]. Accordingly, the development of unique dual electrofluorescent probes was carried out to investigate this important biological mechanism through the combination of amperometry and total internal reflection fluorescence microscopy (TIRFM). On the one hand, amperometry provides quantitative information on the amount of secreted electroactive molecules, with sub-millisecond temporal resolution that matches the fast kinetics of exocytotic release. On the other hand, TIRFM is capable of revealing the distribution of secretory vesicles within a single cell, with tens of nanometers spatial resolution, and can track their location during the exocytotic process in real-time. Historically, in the context of this coupling strategy, single exocytosis events were first investigated using independent electrochemical (serotonine) and fuorescent (GFP) probes [47,48]. However, the use of two distinct probes prevented a quantitative analysis of the release ignoring the precise relative and absolute proportion of both probes in secretory vesicles (only 20% of correlated simultaneous optical and electrochemical signals were recorded concomitantly). Accordingly, a unique dual electrofluorogenic probe, possessing a coumarin backbone, was recently introduced [49,50]. This probe called FFN102 belongs to the family of fluorescent false neurotransmitters (FFN) (i.e. a synthesized analogue of a biogenic neurotransmitter). Under physiological conditions (pH = 7.4), optimal excitation and emission wavelengths of this probe lie at 371 nm and 456 nm, respectively. This molecule is a pH-responsive fluorescent/electroactive dual probe and its fluorescence intensity increased with pH especially in a pH 5.3 to pH 7.3 window. Accordingly, during exocytosis, FFN102 diffused out from the acidic intravesicular microenvironment to the neutral extracellular space, leading to fluorescent emissions and to the electrochemical oxidation signals that were simultaneously collected at the transparent ITO electrode surface (Figure 8). However, the high oxidation potential value of FFN102 at ITO electrodes (+ 900 mV vs. Ag/AgCl) induced electrical noise restricting the advantages of this material. Very recently, a new dual electrofluorescent probe called FFN42 was designed [51]. This new electrofluorogenic probe actually acted as an optical/electrochemical dual reporter in the coupling method, especially with longer excitation/emission wavelengths and/or lower oxidation potential. Furthermore, pKas of the three acid functions (hydroxyl groups in positions 6 and 7, respectively; amonium group in position 4) were determined (Figure 6). From the electrochemical point of view, and compared to FFN102, the FFN42 probe is oxidized at +0.45 V vs. Ag/AgCl on ITO electrodes. The electrochemical detection of FFN42 at a less anodic potential value than FFN102 (+ 900 mV vs. Ag/AgCl) is ascribed to the replacement of the chlorine group by a second hydroxy group in position 6 of the coumarin nucleus. This stronger electrondonating group is responsible of promoting easier oxidation, i.e. at lower oxidation potential values, contributing in the decrease of the electrical perturbations.

Summary and Outlook.

This short overview of the electrochemically-promoted fluorescence modulation of organic fluorescent or fluorogenic molecules shows that this emerging field is very active. This is clearly illustrated through the smart uses of canonical molecules or the design of new ones. Within this context, it is also noteworthy that instrumental setups and methodologies aimed at combining/synchronizing electrochemical commands and fluorescence microscopy/spectroscopy play a crucial role to allow the collection of time-and space-resolved information on various systems. The unique sensitivity of luminescent techniques requires they proceed at specific locations and within well-defined time windows and such properties perfectly match the general features of electrochemistry, making the design of electrochemically-controlled luminescent molecules essential in the future. 
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 1 Figure 1. Chemical structures of some important redox-organic fluorescent molecules whose fluorescence can be directly modulated by electrochemistry.
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 2 Figure 2. Direct reversible electrochemical switch of rhodamine 101 (adapted from ref. [9]).

  Such aza-BODIPY derivatives are nice examples of NIR emissive electrofluorochromic compounds[15].
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 3 Figure 3. Compared to the chemical switching off of NBD-labelled peptides by dithionite (a chemical reducer), the electrochemical procedure allowed a clear and clean discrimination between internalized and non-internalized CPP under fluid phase [22]. (a) With Tat (peptide sequence: YGRKKRRQRRR) 30% of the peptide was considered as internalized (unpublished results).

Figure 4 .

 4 Figure 4. Selective electrochemical bleaching of the outer leaflet of NBDlabelled micrometric vesicles. The fluorescence intensity was monitored at the equatorial plane of the vesicle (i.e. out of the reduction/bleached area) by taking confocal fluorescence microscopy images every 30 seconds. As shown in Figure 5, three different behaviors were obtained depending on the NBD fluorescent probe localization.

Figure 5 .

 5 Figure 5. Fluorescence variations as a function of polarization time (E= -0.9 V/Ag/AgCl) obtained at a biotinylated ITO electrode surface for (•) inner (N=5), (•) inner/outer (N=13), and (•) outer (N=5) leaflet NBD-labeled 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.).
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 6 Figure 6. Chemical structures of some relevant organic fluorogenic molecules recently used in molecular electrochemistry.

Figure 7 .

 7 Figure 7. Resazurin-Resorufin: a typical redox-responsive fluorogenic couple (adapted from ref. [29]). Experimental conditions: aqueous solution; pH = 10.

Figure 8 .

 8 Figure 8. Correlation of amperometric and fluorescence information for a single exocytotic event of FFN102-stained BON N13 cells over an ITO microdevice. Top: An exocytotic event appeared as the current spike in electrochemical detection. Bottom: Sequential pseudocolor TIRFM images of a single exocytotic event viewed as a flash of fluorescence. Scale bar = 500 nm. (Adapted from ref. [49]).
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