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In this article, a comprehensive overview of the developments in the field of stripping voltammetry at regular micro-interfaces (both solid-liquid and liquid-liquid interfaces) are presented. This review will report on the most conventional arrays of metallic micro-electrodes and it also reports on the rapidly growing field of electrochemistry at arrays of micro-interfaces between two immiscible electrolyte solutions (µITIES). The main fabrication methods, together with some design considerations and diffusion phenomena at such interfaces are discussed. Main applications of micro-interface arrays are presented including heavy metals detection at microelectrode arrays and detection of organic molecules (amino acids, vitamins, peptides and drugs) at the µITIES. Stripping analysis at micro-interface arrays are suitable for the detection of analytes in several real media including water, soil extracts and biological fluids (blood and saliva) with high specificity, sensitivity (detection limits of nM, ppb level) and reliability.

Stripping analysis at µITIES and micro-electrode arrays are two complementary approaches that have the advantages of being cost effective, simple to use and easily adaptable to field measurement.

I. Introduction

Stripping voltammetric approaches are very powerful tools in electroanalysis due to their high selectivity (i.e; multi-compounds analysis), wide range of possible analytes (organic and inorganic), low-cost equipment, versatility and portability [1][2][3]. These approaches are based on a two-step protocol: i) an accumulation step, which role is to concentrate the analyte at the sensor surface and ii) a detection step during which the reverse reaction of the first step occurs.

Conventionally, this second step is defined as the stripping of the analyte from the sensor; the voltammetric signal recorded during this process provides indication on the nature of the analyte (potential) and its concentration (current). The pre-concentration step confers to stripping voltammetric approaches high sensitivity and low limit of detection (LOD) [4]. The analytes are accumulated at the sensor under electrolysis conditions (anodic or cathodic electrolysis) or at open-circuit potential (based on adsorption) [START_REF] Wang | Analytical Electrochemistry[END_REF]. Hence, stripping voltammetric techniques can be divided into three main families: i) anodic stripping voltammetry (ASV); ii) cathodic stripping voltammetry (CSV) and iii) adsorptive stripping voltammetry (AdSV).

In ASV, the analyte is concentrated at the electrode surface via the application of a negative potential that results, in the case of heavy metals, in the electrodeposition of the targeted analytes onto the sensor surface in the form of an amalgam (mercury based electrodes) [4] or in the form of mono and/or multiple metallic layers [START_REF] Herzog | [END_REF]. Following, the detection step is performed by sweeping the electrode potential in the anodic direction; as a result, the analyte previously deposited at the electrode surface will be oxidised and hence re-dissolved. In the case of CSV, the accumulation step is performed by holding the working electrode at a positive potential via the formation of an insoluble oxidised form of the analyte (e. g. accumulation of Mn as MnO2 [7,8]).

Following the accumulation step, the detection is performed by the cathodic sweeping of the electrode potential. In this case, the detection of the analytes is performed by monitoring the reduction of the accumulated species. The position of the oxidation/reduction peak (stripping peak) and the peak-current are used for analyte identification and quantification, respectively.

Target analytes can be also pre-concentrated via chemical accumulation (AdSV), which is based on the formation of complexes between the analyte of interest and the surface of the electrode.

The interaction usually takes place at the interface between the solid electrode and the analyte solution and it is often mediated by the presence of a complexing agent [9] as for example dimethylglyoxime in the case of Ni 2+ detection [10,11].

Historically, stripping voltammetry for heavy metal detection was performed at mercury-based electrodes [1]. This was mainly due to the properties of this metal such as i) large hydrogen evolution overpotential, ii) fast electrode kinetics and iii) simplified voltammetric response (associated to the formation of metal amalgam) which make its use quite advantageous [9,12].

Nevertheless, the toxicity of mercury has strongly limited its use for real time/laboratory analysis due to stricter environmental regulations [1] leading to the investigation of alternative materials including noble metals (gold, platimun, iridium and silver), bismuth and carbon based materials (glassy carbon, carbon paste, boron doped diamond) [1,3,13]. However, none of these materials, with the possible exception of bismuth, can compete with mercury in terms of potential window, sensitivity, resolution of the voltammetric responses, dynamic range and LOD. Bismuth-film electrodes were introduced for the first time by Wang and co-workers [14] and demonstrated a very similar behaviour to mercury-film electrodes, providing improved sensitivities and limits of detection when compared to bare electrodes. Unfortunately, until recently [11] electro-plating was the only way of producing such electrodes, strongly limiting their applications.

Among the recent developments in the field of electroanalysis, electrochemistry at the polarised liquid-liquid interface has proven to be a viable analytical technique [15]. Electrochemistry at the Interface between Two Immiscible Electrolyte Solutions (ITIES) or at the liquidliquid interface is a method allowing the electrochemical detection of charged species, which do not possess redox properties. This is based on the measurement of currents resulting from the transfer of ions from an aqueous phase to an organic phase (or vice versa) modulated by the potential difference applied between the two immiscible phases. Modern electrochemistry at the ITIES has been in constant expansion since the late sixties / early seventies. This progress has been recently described and commented in a number of reviews and monographs [15][16][17][18][START_REF] Girault | Electroanalytical Chemistry[END_REF][START_REF] Dryfe | Advances in Chemical Physics[END_REF]. We invite the reader to consult these references for a more detailed description of the liquidliquid electrochemical system. In brief, the principle of electrochemistry at the ITIES is based on the formation of a polarised interface between an aqueous electrolyte phase and an organic electrolyte phase. The potential difference across the interface is linked to the activity of ionic species distributed across the interface as it is described by the following form of the Nernst equation (Equation 1):
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is the Galvani potential difference of the interface and is controlled by the presence of a reference electrode in each phase. The continuous need for improvement of sensors performance, and the continuous advances in photolithography, has led researchers to explore the miniaturisation of the electrodes and their integration in an array as a possible route toward this goal. Micro-electrodes can be defined as electrodes with at least one of their dimensions smaller than 50 µm [1,3,13]. This dimension, called 'critical dimension', is smaller than the diffusion layer thickness leading to a hemispherical (or radial) diffusion of species towards the electrode surface. This improved mass transport results in an increase of the current density and a reduction in charging current. The combination of these two effects gives a much improved signal to noise ratio and a reduced ohmic drop [13].

Although the current densities are much higher for micro-electrodes than for macro-electrodes, the current values are much lower. Typically, for a 10 µm electrode diameter, a steady-state current in the range of few nA would be achieved. To overcome this difficulty, micro-electrodes can be arranged in arrays where the contribution of each micro-electrode to the current can be added provided that they behave independently from one another (enough spacing) [START_REF] Davies | [END_REF].

Analogously to the reduction of the electrode critical dimension, miniaturisation of the ITIES from a few tens of microns down to few tens of nanometre leads to an improvement of mass transfer and to a decrease of the ohmic drop.

In this review, the latest updates in the area of stripping analysis at solid micro-electrode arrays and at the µITIES are presented and discussed. When mentioned in the text, 'micro-interface' refers to both micro-electrode arrays and µITIES. Fabrication methods are reviewed and geometry of micro-interface arrays and mass transport phenomena at these arrays are presented.

Recent examples of applications of stripping voltammetry at such micro-fabricated interfaces are reviewed. Finally, benefits and limits of both solid-liquid and liquid-liquid approaches for electroanalytical applications are discussed.

II. Micro-interfaces: fabrication, design, diffusion and optimisation

II.1. Micro-interface fabrication

Both top-down and bottom-up approaches have been proposed for the fabrication of regular micro-interfaces arrays [13,22,[START_REF] Arrigan | Electroanalytical Chemistry[END_REF]. In this review, we will focus on top-down approaches as it is the method of choice to prepare regularly aligned micro-interfaces arrays. Silicon-based thin film technology is the key in the fabrication of regularly aligned micro-interfaces (micro-electrode arrays or µITIES) as it allows high control of dimension, shape and spatial organisation at the sub-micron level required (Figure 1). Micro-electrode arrays are usually made of a conducting or semi-conducting material deposited as a thin film (20 -100 nm thick typically) on an insulating substrate. An insulating material is then deposited to cover the connecting tracks leaving openings only for the micro-electrodes surface and for the connection pads. Fabrication of µITIES is somewhat simpler in appearance as it consists of a membrane in an insulating material in which µholes have been drilled.
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II.1.a Micro-electrode array fabrication

The most common process for the fabrication of micro-electrode arrays is the "lift-off" process even if subtractive processes have been also reported [1]. The minimum feature size that can be achieved with photolithographic approaches is a function of the wavelength of the UV light used in the curing/development process with a minimum theoretical size in the order of 300 to 400 nm.

Several metals as Ir [7,10,[START_REF] Xiao | [END_REF][25][26][27][28][29][30][31][32][33][34][35][36][37][38][39][40][41][42][43], Au [44][45][46][47], Pt [45,47], Rh and Rh/Ir alloys (Ir0.9Rh0.1) [28] and HgAg amalgam [48] have been patterned using photolithographic approaches. Other metals micro-electrode arrays (e.g. Cu and Ag) have been produced by electrodeposition on non-metallic substrates as boron-doped diamond [8]. Furthermore, arrays made of non-metallic microelectrode as diamond based material [8,[49][50][51], carbon based materials [52][53][54][55] and indium tin oxide (ITO) [56] have been reported. Further details on electrode fabrication can be found in previous reviews [1,3,13]. Despite the variety of materials explored for electrode fabrication, Hgplated electrodes were by far the most explored and most successful in stripping voltammetry. An important breakthrough, in terms of electrode material, as an alternative to mercury has been reported recently. This consisted in the micro-fabrication of Bi micro-electrode arrays via direct photolithography [11,47,57]. Economou et al. [57] demonstrated the direct sputtering of bismuth film, with a thickness of ca. 400 nm, onto a Si oxide insulated Si wafer that was then patterned to obtain array of micro-disc electrodes (10 µm in diameter). The proposed approach is quite advantageous compared to ASV at bismuth film electrodes. Such an improvement is expected to further boost the use of bismuth as an electrode material. The same authors also demonstrated the possibility of integrating such a fabrication process in the preparation of a fully integrated electrochemical cell having as working electrode the Bi micro-electrode array, a Pt as counter electrode and a Ag/AgCl reference electrode [11].

Several thin metal or multiple metals layers (few tens of nm), deposited between the supporting substrate and the electrode material, have been explored to promote adhesion; Ta [58], Ti [START_REF] Xiao | [END_REF], Al [28,[59][60][61], Cr [60,62] or composite layer as Ti/Pt sandwich (30:50 nm) [45] and Ti/Ni (50:50 nm) [46,63] have been used as adhesive layer for Ir [START_REF] Xiao | [END_REF]25,58], Au [44][45][46]60,62] and Pt [59][60][61].

The adhesion layer needs to be selected carefully as it may also be the source of interference [63].

Efficient electrical insulation and chemical passivation of non-exposed conductive elements as connection tracks or bulk conductive material should also be ensured; this has been obtained by the evaporation and patterning of insulating materials as hydrogenated silicon carbide (SiC:H) [26,27], SiO2 [26], Si3N4 [45].

II.1.b µITIES array fabrication

In the case of µITIES four different fabrication methods have been proposed: (i) micro-and nano-pipettes, (ii) µhole punctured mechanically (iii) laser-ablated polymer membranes (iv) silicon etching technologies. Among those four categories, the first two are suitable for the preparation of a single µITIES, whereas the last two allow the fabrication of arrays of a large number of µITIES arranged into ordered arrays. Micro-pipettes were first used to form a single µITIES in 1986 by Taylor and Girault [64]. The preparation method was then improved to allow reproducible preparation of the micro-pipettes using a sophisticated pipette puller and thin walls pipette [65]. The diameter of the ITIES was reduced further down to a few tens of nm by pulling borosilicate or quartz capillaries using a laser-heated pipette puller [66]. µITIES could also be formed using holes, which were mechanically punctured through a polymer membrane [67]. The µhole edges appear to be quite rough and it seems difficult (if not impossible) to obtain reproducible micro-interface based on this preparation method. The µITIES prepared using the above described methods are characterised by very low current; this drawback has been overcome by the organisation of µITIES into arrays similarly to what was reported for solid micro-electrodes. Two main methods are available for the preparation of arrays of µITIES. The first example of µITIES arrays were prepared by photoablation of a polymeric membrane using an UV excimer laser [68][69][70]. The pores prepared by this method were typically of a diameter between 10 and 50 µm; they were of conical shape with the openings on both side of the membrane with slightly different dimensions. More recently, µITIES prepared by etching of pores using a combination of wet and deep reactive-ion etching processes through a silicon wafer were reported [71]. The pores were patterned using standard lithographic methods; the pore walls were vertical and hydrophobic due to fluorocarbon residues of the deep reactive-ion etching process. These two methods to prepare µITIES arrays allow control of the position of the pores in respect to one another.

II.2. Micro-interface arrays design

Different array designs (interface/electrode dimensions, geometries and spatial distribution) have been investigated. Arrays with micro-discs [26,45,47,51,58,72], micro-squares, [45] micro-bands or micro-pillars [63] electrodes have been reported. Critical dimension of these electrodes ranged from a few microns to a few tens of microns in the case of micro-discs/squares. In the case of micro-band electrodes electrode sizes were ranging with width between 0.2 µm [START_REF] Xiao | [END_REF] and 50 µm [45], with length between 6 µm [63] and few mm [73] and with length/width ratio between 10 and 1000 [START_REF] Xiao | [END_REF]27,45]. Disc-shaped pores was the only geometry explored for µITIES with diameters ranging from a few microns to tens of microns [71]. Micro-electrodes have been organised in array with different layouts: (i) at the vertex of a square, (ii) hexagonal compact distribution [45] and (iii) arrays in which the inter-electrode and within-rows separation were different [72]. Two different configurations of micro-band electrode arrays have been reported: array of parallel bands [START_REF] Xiao | [END_REF]27,45] and interdigitated electrode arrays [73]. Due to the intrinsic characteristic of photolithographic techniques all the arrays fabricated using such approaches are characterised by a characteristic recess, ranging from few hundred of nanometer up to few micrometer. This has a significant contribution to the full diffusion process at the micro-electrode array by introducing a linear component [43,45,74,75]. Inlaid micro-electrode arrays, based on highly boron doped diamond technology, were presented by Lawrence et al. [49] and Simm et al [8]. Finally, an interesting electrode geometry was presented by Prehn et al. in which the microelectrode of the array acquired a further dimension having them the shape of micro-pillars; in the reported work the fabrication of the pillar electrodes was achieved by the combination of standard photolithography and metal (Au) electrodeposition [63].

II.3. Diffusion at micro-interface arrays

The influence of micro-interface array design on their analytical performances (sensitivity and LOD) has been investigated either experimentally [27, 45,46] and by simulations [START_REF] Davies | [END_REF]46,[76][77][78][79][80].

We present here the major similarity (influence of the inter-electrode spacing) and difference (asymmetric diffusion at the µITIES) between solid-liquid and liquid-liquid interfaces.

II.3.a Influence of the inter-interface spacing

In the case of a single micro-disc electrode, steady-state current, which is independent from the hydrodynamic conditions of the solution, is reached in a very short time [3,81]. The complexity of the diffusion phenomena strongly increases when moving from a single micro-interface to micro-interface arrays: the steady-state current is controlled by (i) the intrinsic properties of the analyte and (ii) the size/geometry of each individual electrode as at a single-disc electrode and is is also influenced by (iii) the spatial organisation of the electrodes, mainly, the inter-electrode separation and by (iv) the time scale of the experiments [START_REF] Davies | [END_REF]46,76,80,82].

Diffusion processes at micro-interface arrays have been thoroughly reviewed in previous publications [1,13,81]. In short, three main diffusion profiles can be observed. In ideal conditions, diffusion at each of the micro-interface of the array is radial, the micro-interfaces behave independently from one another and the total current of the array correspond to the sum of the currents for each of the micro-interfaces. In the worst case, there is a strong overlap of the diffusion profiles for neighbouring micro-interfaces, leading to a planar diffusion, with the array behaving as a macroscopic interface. The intermediate state occurs where overlap of the diffusion zones of neighbouring interfaces is not negligible with the diffusion being a mixed of radial and linear diffusion. The major challenge in the design of micro-interfaces arrays is to pack as many micro-interfaces as possible without compromising their diffusional independence and subsequently the electrochemical performances of the whole array (i.e. radial diffusion for each micro-interfaces of the array). Too closely packed micro-interfaces result in the overlapping of their individual diffusion layer with subsequent loss of the radial diffusion. On the other hand, micro-electrodes placed too far apart will have the ideal radial diffusion regime but there will be less micro-electrodes per unit area in the array, resulting in a lower current response [START_REF] Davies | [END_REF]. The optimal inter micro-interface spacing is strongly linked to the interface critical dimension, geometry of the interface and the duration of the experiment. Berduque et al. [45] showed that radial diffusion regime was achieved during cyclic voltammetry experiments when the ratio between inter-electrode spacing and electrode width was higher than 10 for micro-square electrode (between 5 and 50 µm) but the authors also showed that this ratio needed to be increased when electrode sizes were reduced. For example, optimal ratio in the case of the 3 µm disc electrodes was reported to be 100. This result was consistent with the finding of Davies et al. [START_REF] Davies | [END_REF] in their simulation of voltammetric experiments at regular array of micro-disc electrodes.

Even higher variability in the electrochemical behaviour has been reported for the micro-band electrodes arrays due to the prevalence of hemicylindrical diffusion [45,49] that result in a deviation from ideal behaviour with the increase of the length to width ratio. Attempts to simulate the response, by voltammetric experiments, at micro-band electrodes arrays have been presented

by Streeter et al. [80].

II.3.b Asymmetric diffusion profile at µITIES

Investigation of tetraethylammonium (TEA + ) transfer by cyclic voltammetry has often been used as a means to characterise microscopic liquid-liquid interfaces [64,69,70,83,84]. Electrochemical behaviour at µITIES was modelled by finite-element simulations [85]. TEA + transfer from the aqueous phase to the organic phase gave a sigmoidal shaped signal resulting from a radial diffusion towards the µITIES (Figure 2a). In the reverse scan, when the TEA + is back transferred from the organic to the aqueous phase, a peak shaped signal is obtained, characteristic of a linear diffusion (Figure 2b). This diffusion-controlled behaviour is explained by the confinement of the transferred species within the pore walls. This was observed for the different types of ITIES supported by pipettes or solid-state membranes [START_REF] Arrigan | Electroanalytical Chemistry[END_REF].

Location of Figure 2 This asymmetrical diffusion profile constitutes an advantage when it comes to stripping analysis, Indeed, while redox active analytes are deposited on the surface of the micro-electrode during the accumulation step, non-redox active species are transferred, upon the application of suitable potential, from the aqueous phase into the organic phase; this process is then reversed during the stripping step, or detection step, by scanning the pre-selected potential region. Stripping voltammetry at the µITIES takes advantage of the asymmetric diffusion behaviour of the analyte in the two phases. Indeed, the radial diffusion observed for the ion transfer from the aqueous phase to the organic phase ensures a high mass transfer of the analyte towards the µITIES. Once transferred to the organic phase, two factors contribute to a slower mass transfer in the organic phase than in the aqueous phase, which leads to an accumulation of transferred ions close to the interface and thus remain available for the stripping step. The first factor is the linear diffusion that dominates within the pores of the membrane; the second is associated with the intrinsic nature of the organogel used in the case of µITIES arrays. In such an organic phase, simulation studies have estimated that the diffusion coefficient for TEA + was ca. 9 times smaller than in the aqueous phase. The stripping peak current increases with the pre-concentration time as it has been observed experimentally [86][87][88][89][90][91] and theoretically [86,92]. After a sharp increase of the stripping peak current, a saturation effect is observed in all cases around 60 s (Figure 3). At short preconcentration times (t < 60 s), the analyte is accumulated in the vicinity of the interface, whereas at longer times (t > 60 s) the analyte is given sufficient time to diffuse away from the interface and deeper in the bulk organic phase; these analyte ions are not stripped back to the aqueous phase and thus do not contribute to the stripping peak. Simulation studies suggest that the best compromise between experiment time and stripping peak current is achieved for a preconcentration time of 30 s; they have also shown that the saturation of the stripping peak is also related to the diffusion coefficients and the depth of the µpores [86]. The influence of the preconcentration potential on the stripping peak current was also investigated [89]. The stripping peak current increases greatly when the preconcentration potential increases from the half-wave potential to greater potentials, before reaching a plateau value. At the highest preconcentration potentials, stripping peak for the back transfer of Li + , the cationic species of the aqueous background electrolyte used in this study, was visible in the voltammograms. The conditions to achieve a good sensitivity with stripping voltammetry at µITIES were optimised by simulation [92]. In this study, Strutwolf and Arrigan stipulated that (i) the pores should be filled with organic phase (to achieve an inlaid liquid-liquid interface), (ii) the pore depth (or membrane thickness) should be high enough to avoid dissipation of the analyte preconcentrated to diffuse in the bulk organic phase, (iii) the pore walls should be tapered towards the organic side and (iv) the diffusion coefficient of the analyte should be significantly smaller (ca. 10 times) in the organic phase than in the aqueous phase. These simulation studies, supported by experimental evidence, have demonstrated that µITIES arrays are particularly suitable for stripping analysis of non-redox active ions.
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. Optimation of the analytical performances of micro-interface arrays

The previous section has reviewed the different regimes observed at the micro-interfaces. The occurrence of the overlap of diffusion layers between neighbouring electrodes depends on the time scale of the experiments and on the separation between neighbouring micro-electrodes. The vast majority of papers on the electrochemical characterisation of micro-interface arrays are based on cyclic voltammetry or linear sweep voltammetry experiments [START_REF] Davies | [END_REF]46,76,80], where the time scale used are typically shorter than the one of the accumulation step in stripping voltammetry [3]. Figure 4 describes the three diffusion behaviours (radial, mixed and linear diffusions) based on the logarithm of the ratio of the separation between two micro-electrodes over the radius (log d/r plotted as the y-axis) and the logarithm of the ratio of the diffusion layer thickness over the radius (log /r, plotted as the x-axis). This graph was based on the modelling study of Lee et al. [93]. Based on the information provided in this reference, these two parameters log d/r and log /r were calculated and plotted for a number of experiments reported in the literature (Figure 4). Ideally, in order to use micro-interfaces at their optimum, experiments should be performed under spherical diffusion, where no overlap occurs. It should be noted that most of analysis are performed where a mixed diffusion occurs. This intermediate state where diffusion is partly linear and partly hemispherical might limit the analytical performance achieved with the micro-electrode arrays. Ideally, the preconcentration time and the interelectrode separation should be selected to perform analysis in the hemispherical diffusion domain. By carefully designing the micro-interface arrays and selecting the appropriate preconcentration time, LOD and sensitivity might be improved bringing the performances of mercury-free sensors closer to the ones of mercury-based sensors.

Location of Figure 4 Efforts have also been made to reduce the dimensions of the electrode to nanoscopic dimensions [81]. However, there is no evidence yet that nano-electrode arrays would perform any better than micro-electrode arrays for stripping analysis. The dimension of the ITIES has also been further reduced down to nanoscopic dimensions using laser-controlled pipette puller [66] for the realisation of single nano-ITIES and by electron-beam lithography for nano-ITIES arrays [94].

Scanlon and Arrigan have compared the sensitivities obtained by cyclic voltammetry at milli-, µand nano-ITIES over similar concentration ranges of TEA + [95]. The sensitivity is defined as the slope of the calibration curve (current density versus analyte concentration) [96]. They have demonstrated that the sensitivity was improved by more than a 1000-fold when downsizing the ITIES from the millimetre to the nanometre scale [95]. Further studies have shown that the sensitivity increases linearly with the inverse of the nano-ITIES radius, although the sensitivity was only half of the theoretical values [97]. The authors attribute this difference to the nonequivalence of the nano-ITIES in the array and to an overlap of the diffusion zones. No studies have shown that the improved sensitivity when the size of the ITIES is reduced, leads to a gain on the LOD. Furthermore, the benefit of using arrays of nano-ITIES for stripping voltammetry is not obvious as overlap of the diffusion zones may impact the stripping current in a greater fashion that it does for cyclic voltammetry experiments.

III. Applications of micro-interface arrays

III.1. Stripping analysis at micro-electrode arrays

Use of micro-electrode arrays for stripping analysis was first proposed by Kounaves et al. at the end of the 80s [98]. In this pioneering work, Hg-plated Ir micro-electrode arrays were fabricated and used for the detection of heavy metals in water. Since the major application of stripping voltammetry at micro-electrode arrays is the detection of heavy metals in environmental samples, it is not surprising that the vast majority of the publications in literature are referring to the use of Hg based electrodes [10,[26][27][28][30][31][32][33]35,59,61,72]. Mercury is liquid in its native form so it is used as a film supported by a micro-electrode array. In the pioneering era of this technology, the research was strongly oriented towards the identification of materials suitable for the fabrication of array of micro-electrode compatible with mercury. Iridium possesses high Hg compatibility due to its limited solubility in it [30]. Kounaves et al. [30,31,98] and El Khakani et al. [26,27,32,35] were the most active groups on the subject. Kounaves et al [30]. designed and fabricated an array of 19 Ir micro-disc electrodes (10 µm separated by 300 µm) that, following electrochemical plating with Hg were used in the detection of several heavy metals, including Cu 2+ , Pb 2+ , Zn 2+ and Cd 2+ , in spring water [30] and buffer solutions [31]. El Khakani and coworkers [27] designed, fabricated and tested several configuration of micro-electrode arrays proposing an array containing 6 µm Ir micro-disc electrodes, coated with an hemispherical Hg film, and separated (edge-to-edge) by 180 µm as the optimum design. The authors applied this array to the detection of heavy metals in water samples [26] and, following extraction, in soil samples [35] with LOD below ppb (between 0.1 and 0.5 ppb depending on the nature of the analyte) and dynamic range spanning between 0.1 and 1000 ppb [27]. The proposed electrochemical approach was also validated, against atomic absorption spectroscopy, for the detection of heavy metals in certified samples [26,35]. As predicted the authors reported that deviation between results occurred especially when high concentration of surfactants were present in the sample [35]. Although Ir was the most investigated material as support for Hg films other materials have been tested: Pt [59][60][61], Rh [31], carbon [10,54,72], diamond-like electrode [51] and ITO [56]. These micro-electrode arrays found application in the detection of heavy metals in different matrices as rain [61] and fresh [59] water samples. An interesting design was presented by Wang and co-workers [72] where Hg-coated carbon interdigitated micro-electrodes were used by combining ASV with a generatorcollector approach. The source electrode was used to perform a conventional ASV experiment and the collecting electrode was set at a constant potential suitable for the re-deposition of the metals stripped from the generating electrode. An analytical signal cleaned from any charging component was recorded allowing the detection of Cd 2+ and Pb 2+ at the low ppb level [72]. Cugnet et al [52] demonstrated the detection of Cd 2+

(LOD 1.3 ppb in buffer solution) using carbon micro-electrode arrays, obtained by laser ablation of insulating ink, coated by the electrodeposition of Hg. Kadara et al. [55] demonstrated the direct fabrication of micro-electrode arrays by conventional screen-printing technology. The electrodes were tested for the detection of Mn 2+ by CSV with performances similar to those previously reported in literature [55].

Despite its outstanding analytical properties, Hg is a highly toxic metal and regulations to limit its use have been introduced. This boosted, in the last two decades, the efforts for the identification of suitable alternative electrode materials. Bismuth has been identified as an interesting alternative due to i) its lower toxicology, ii) its high hydrogen evolution overpotential, iii) its ability to provide good peaks resolution and wide linear dynamic range [14,99]. Although a large number of scientific articles have been published for Bi-film electrodes of macroscopic dimensions [100] a little number of Bi-film at micro-electrodes array can be found in the literature [11,47,57,[START_REF] Rehacek | Proc. SPIE[END_REF][START_REF] Suzuki | [END_REF]. Bi-film micro-electrode arrays obtained by the electrodeposition of the metal onto nitrogen-doped diamond-like electrodes, used for the detection of Pb 2+ in water [START_REF] Suzuki | [END_REF], or onto Pt electrodes for the detection of Pb 2+ in water [START_REF] Rehacek | Proc. SPIE[END_REF] have been reported. Recently, a major advance in Bi micro-electrode arrays fabrication was reported by Economou and coworkers; the authors described a fabrication process fully based on photolithography [11,57]. The fabricated micro-electrode arrays (625 micro-discs with a diameter of 10 µm and separation 200 µm) were used for the detection of Pb 2+ and Cd 2+ via ASV [57] and of Ni 2+ by CSV in certified lake water sample [11]. The proposed sensors presented LOD of the order of few ppb and proved to be suitable for ca. 10 consecutive measurements. These results were obtained in laboratory solutions.

Noble metals as Au and Pt have also been investigated as materials for the fabrication of microelectrode arrays. These metals can be easily patterned onto an insulating substrate using standard photolithographic techniques following well-established protocols developed by the semiconductor industry for modern micro-electronics applications. Nevertheless, these have the disadvantages of presenting i) smaller potential window (especially in the negative potential region), ii) more complex voltammetric responses for heavy metals detection (lower resolution between the stripping peaks) and iii) smaller linear range, when compared with Hg-based electrodes. The last two considerations are mainly related to the nature of the electrodeposition process occurring during the pre-concentration step. Metal electrodeposition onto noble metal electrodes occurs in two steps [START_REF] Herzog | [END_REF]. Two well-characterised metal deposits can be identified: the first metal monolayer and the bulk metal (metal deposited above the first metal layer). The formation of the first monolayer is known as the underpotential deposition (UPD) as it is deposited at a potential lower than the Nernst potential. Stripping of the bulk and of the underpotential deposits occurs at different potentials. UPD is a well-known process and has been extensively used for electroanalysis [START_REF] Herzog | [END_REF]. It is perfectly suitable for trace analysis as it only allows the deposition of a single monolayer at the maximum. It keeps pre-concentration times short (usually below 120 s). Furthermore, the deposition of a single monolayer of metal does not disturb the electrode surface leading to a high repeatability of results. Nevertheless, the UPD signal can be more complex to interpret. Indeed, in the case of Cu 2+ [103] and Se(IV) [104] UPD at Au electrodes two well defined stripping peaks are obtained (one for the UPD metal and one for the bulk metal) whereas up to four different peaks were identified for Pb 2+ electrodeposition (three for the UPD and one for the bulk metal deposit) [103]. Among noble metals, gold was those more extensively investigated [8,[START_REF] Xiao | [END_REF]44,45,47,61,[105][106][107][108]. Au micro-electrode arrays have been used for the detection of Cu 2+ in soil extracts [45] and in rain water [61] with high sensitivity and high reliability. Au was also found to be a good material for the development of electrochemical sensors for the detection of As 3+ [8,44,47,105,106]. The different authors reported that the presence of Cu 2+ was strongly interfering with the As detection. Ordeig et al.

[107] used Au based micro-electrode arrays for the detection of Hg 2+ in river water. Microelectrode arrays have presented limited memory effect and their surface pollution from Hg2Cl2 deposition was minimal. Indeed, only few of the electrodes in the array were affected by Hg2Cl2 leaving the majority of micro-electrodes unspoiled for Hg 2+ detection. Xiao et al. [START_REF] Xiao | [END_REF] used Au micro-band electrode arrays, obtained by Au electrodeposition onto commercially available Ir micro-electrode arrays, for the detection of Hg 2+ in Flue gas contaminated soil. Although such electrodes allowed reliable detection of the heavy metal in soil extracts, the micro-electrode arrays were not suitable for detection in highly oxidative environment/samples (oxidative dissolution of the deposited Au film). Tan and co-workers [108] and Beni and co-workers [104] demonstrated the use of Au micro-electrode arrays for the detection of Se(IV). Beni et al. [104] showed that electrodeposition of the Se onto the Au electrodes resulted in the irreversible formation of the SeAu alloy limiting the use of the micro-electrode arrays in time.

Several other materials have been investigated for the fabrication of micro-electrode arrays: Ir was shown to be not only suitable for supporting Hg film but also as electrode material for the detection of Cu 2+ and Hg 2+ in drinking water [29]. Moujahid and co-workers [109] demonstrated the use of Pt micro-electrode arrays for the detection of Cu 2+ in synthetic sea water. Boron-doped micro-electrode arrays were used for the detection of Mn 2+ by CSV. In this approach, Mn 2+ is pre-concentrated at the sensor surface by deposition as MnO2 [8]. Petrovic and co-workers [110] interfaced a carbon micro-electrode arrays with thin layer chromatography for the detection/time resolution of different heavy metals (Cd 2+ , Cu 2+ and Pb 2+ ). Table 1 presents the most relevant work on stripping analysis at micro-electrode arrays that was published since 2008.

Location Table 1

III.2. Stripping analysis at the µITIES

If heavy metals are the main target analytes for stripping voltammetry at micro-electrode arrays, µITIES offer the opportunity for the detection of non-redox active ions, which considerably broadens the range of target analytes for stripping voltammetry techniques. A number of analytes have been detected by differential pulse stripping voltammetry at µITIES. TEA + has been used as a model ion for characterisation purposes [86,90,92] although it does not present any particular interest from the analytical point of view. Ions of interest have been detected: oligopeptides and protein digests [87,111], propranolol [91], neurotransmitters such as acetylcholine [88] and choline [89], heavy metals such as Cd 2+ [112], Vitamin B1 [113] and polysaccharide such as heparin [114]. Most of the species detected by stripping analysis are cationic and hence ASV is the most commonly used method. Before the start of the experiment, the analyte is present in the aqueous phase. During the preconcentration step, the analyte is transferred from the aqueous phase to the organic phase. During the detection phase, the analyte is back transferred from the organic phase to the aqueous phase. The analytical parameters for differential pulse stripping voltammetry at µITIES of these analytes are gathered in Table 2.

The detection of neurotransmitters at the ITIES has raised interest for a number of years. the stripping of vitamin B1 (in its cationic form at pH 2.2). They have achieved a 4.6 µM LOD using a single µITIES of 64 µm of diameter [113]. Addition of ETH1062 to the organic phase facilitated the transfer of heavy metal ions such as Cd 2+ , Cu 2+ , Pb 2+ , Tl + , Ag + and Zn 2+ [116]. This ionophore was used for the realisation of a Cd 2+ sensor using an array of 66 µITIES of 22 µm of diameter and a preconcentration time of 30 s [112]. A LOD of 0.18 µM was achieved using a sample volume of 20 µL.

LOCATION TABLE 2

Non-redox active oligopeptides in their cationic form have been detected by differential pulse stripping voltammetry at an array of 8 µITIES of 50 µm of diameter in a honeycomb arrangement [87]. As shown by the Nernst equation applied to the ITIES (Equation 1), the distribution of the ion species on either side of the interface is defined by the potential difference applied and the standard ion-transfer potential. The latter depends on the hydrophobic character of the species i studied. Osakai et al. investigated the transfer of the cationic form of di-and tripeptides at the liquid-liquid interface [117,118]. They have demonstrated that ion-transfer potential decreased linearly as the hydrophobicity of the amino acids side chains increased. The hydrophobic character was estimated using a variety of hydrophobicity scales [117]. Based on this difference of ion-transfer potentials linked to the hydrophobic nature of the analytes, simultaneous detection of two oligopeptides (Phe-Phe and Lys-Lys) was possible [87]. The sensitivities for the simultaneous detection of these two oligopeptides are similar to the ones achieved for the detection of the single oligopeptides. The differential pulse stripping voltammetric signal was processed to improve the discrimination between the stripping peaks of Phe-Phe and Lys-Lys.

The signal processing is based on subtractive ASV, a method described by Kirowa-Eisner et al., which was developed to improve the detection limits of metal by underpotential depositionstripping voltammetry at solid electrodes [119][120][121]. It consists of running a differential pulse stripping voltammetry experiment at a given preconcentration time, immediately followed by a differential pulse stripping voltammetry scan with no preconcentration step. The second scan acts as a blank signal, which is then subtracted to the first one. This method offers the advantage of having a blank, when it may not be possible (especially in the case of real sample analysis).

Peptides issued from the enzymatic digestion of haemoglobin have been analysed by differential pulse stripping voltammetry at µITIES [119]. It resulted from these experiments that different voltammograms were obtained depending on the nature of the protease used (pepsin or trypsin)

with in both cases a main peak at ca. +0.75 V and a secondary peak at ca. +0.90V.

Propranolol, a -blocker, has been detected in artificial physiological matrices (saliva and serum) by differential pulse stripping voltammetry [91,122]. A LOD of 20 nM for propranolol in artificial saliva was achieved, which is within the range of physiological concentrations and compares well with the other methods of detection. The interactions between propranolol and serum proteins was also investigated by differential pulse voltammetry and differential pulse stripping voltammetry [122]. The comparison of the signals obtained with these two electrochemical techniques showed that serum albumin interferes with the detection of propranolol due to the complex formed between the propranolol and the protein. Stereoselective interactions between propranolol and 1-acid-glycoprotein were investigated at the µITIES by cyclic voltammetry and differential pulse voltammetry [123].

The electrochemical behaviour of a number of proteins at the liquidliquid interface has been investigated [124][125][126][127][128][129][130][131][132][133][134][135]. Proteins do not transfer across the interface without the help of surfactants [124][125][126][127] but tend to adsorb at the interface and facilitate the transfer of anions of the organic electrolyte solution [131,133]. Alvarez de Eulate and Arrigan have recently harnessed this protein adsorption at the liquidliquid for the quantification of lysozyme by AdSV [134].

During the preconcentration step, lysozyme molecules are adsorbed at the liquidliquid interface in multilayers. The authors have optimised the preconcentration time and potential achieving a 0.03 µM LOD which is a ten-fold improvement over cyclic voltammetric determination of lysozyme at the µITIES [135]. AdSV was also used for the detection of heparin, a polysaccharide used as an anticoagulant and antithrombotic, directly in blood plasma at concentration levels close to the therapeutic heparin concentrations [114].

Enzymatic assays have also been developed at the µITIES. Lee et al. developed an assay based on alkaline phosphatase (present in the aqueous phase) [89]. Calcium-phosphocholine is used as the enzymatic substrate; it is detected by stripping voltammetry at +0.58 V. Choline is the enzymatic reaction products and transfers at a lower potential difference (+ 0.40 V) as it is more hydrophobic. Stripping voltammograms were recorded as a function of the enzymatic reaction time. The stripping peak for Ca-phosphocholine decreases while the stripping peak for choline increases as the enzymatic reaction progresses. The authors showed that the enzymatic reaction followed Michaelis-Menten mechanism and they were able to extract kinetic information (kinetic constant and maximal rate) from the experiments at the µITIES [89]. More recently, organophosphate pesticides (parathion, methylparathion, paraoxon) were detected at the µITIES based on an indirect mechanism. Organophosphorus hydrolase catalyses the hydrolysis of the target pesticides in the aqueous phase [136,137]. The protons resulting from this enzymatic reaction are quantified by stripping voltammetry. The proton transfer is facilitated by the presence of ETH1778 in the organic phase. A LOD of 0.5 µM for these pesticides is achieved.

III.3. Integrating micro-interface arrays in the real world

One of the major challenges for the analytical chemist of the 21 st century are (i) the development of autonomous, smart and calibration-free systems that can be deployed in the field for in-situ environmental monitoring and (ii) the integration between different technological platforms with the aim of improving the analytical performances. Sensitivity and reliability of electrochemical sensors have greatly progressed in the recent years. However, these have not reached the maturity, which will allow their deployment in the field for prolonged analysis. A number of crucial issues need to be resolved; for example sensor surface degrades with time when put in contact with harsh environments. Often, this is due to the adsorption of biomolecules present in real samples that prevents the occurring of the electrochemical reaction of interest. Subsequently, protection of the sensor surface from bio-fouling is one the area of major interest in modern analytical chemistry. Strategies for sensor surface protection have been developed. On this specific topic, we invite the readers to consult published reviews [1,138]. The second aspect, which needs to be developed, is the integration of a full electrochemical cell in which the microelectrode array, a stable reference electrode and a counter electrode are fabricated on a single supporting element and in a confined space. This has been achieved by the use of photolithographic techniques; indeed these allow the deposition of the different elements, even if made of different materials by following well-defined multiple step processes. Uhlig et al. [59] designed an fabricated a chip with 3 micro-electrode arrays as working electrodes made of Hgfilm Pt-based micro-electrodes (1024 micro-square electrodes with 5 μm of side and interelectrode separation of 20 μm) sharing a counter and a reference electrode. This chip was used for the simultaneous detection of Cd 2+ , Pb 2+ , Cu 2+ and Bi (III) using "Potential window analysis", which consisted of the application of a different preconcentration potential at each working micro-electrode array. This approach made possible the discrimination of the targeted heavy metals. Economou and co-workers developed a fully integrated electrochemical cell with Bi micro-disc array as working electrodes. This device was then integrated in a microfluidic platform for the detection of Pb 2+ and Cd 2+ by ASV and Ni 2+ by CSV in water solutions [11]. Xie et al. integrated a similar system with a Hg-coated Ir-based micro-electrode array in a flow system for the detection of heavy metals (Zn 2+ , Cu 2+ , Cd 2+ , Pb 2+ ) in river water by square wave ASV [33]. Moujahid et al. [109] designed and fabricated a Pt based integrated electrochemical cell for the detection of Cu 2+ in sea water. The choice of Pt was due to the fact that the microelectrode array was supposed to work in a harsh environment as sea water. The reference electrode was produced by spotting on a predefined pad an Ag based paint and by oxidising it in the presence of chlorides. The micro-electrode array was able to withstand synthetic sea water solution for up to 72 hours and to detect Cu 2+ , via underpotential depositionstripping voltammetry in the same matrix although the LOD was higher than in acidified solutions [109].

An interesting application of an integrated full electrochemical cell was presented by Yanagimachi et al. [47]. In this work a micro-electrode array made of either Au or Bi and a silver / silver chloride reference electrode were imbibed in a super-hydrophobic surface (obtained by the assembly of polytetrafluoroethylene beads). The authors took advantage of the surface tension to confine a single drop (ca. 10 µl) of samples over the two-electrode cell. The small volume of the sample led to its evaporation and hence a preconcentration of the analytes allowing detection limits in the high ppt range for As(III), Cd 2+ and Pb 2+ . Wang's group in University of California have demonstrated the integration of an electrochemical micro-system (sensors and potentiostat) in underwater garments for the detection of heavy metals in seawater [139]. A LOD of 13 ppb for Pb 2+ in seawater was reached.

Recent works have demonstrated that micro-needle arrays can be used for the electrochemical detection of biologically relevant molecules in serum [140][141][142]. Hollow micro-needle arrays were fabricated in a biocompatible polymer of a height of 1500 µm. Micro-electrodes were located inside the hollow part of the micro-needle and they were made of carbon paste [140],

carbon ink [141] or Pt [142]. They were used for the amperometric detection of hydrogen peroxide [140], lactate [140,141], glucose [141] and glutamate [142]. The limits of detection achieved were below the physiological concentrations reported for those analytes. Although, stripping voltammetry techniques have not been used yet with such micro-electrode arrays, they have a very interesting potential in terms of applications. Indeed, micro-needle arrays are minimally-invasive and their combination with electrochemical techniques turns them into strong candidate for real-time monitoring of physiologically relevant analytes.

IV. Solidliquid and liquidliquid interfaces: two complementary approaches

Table 3 summarises the differences and similarities for the two types of micro-interface arrays reviewed herein. The motivation for using these micro-interfaces arrays is the same in both cases.

Electrochemistry at micro-interface arrays is dominated by radial diffusion of the target analyte species and hence improved mass transport and better sensitivities and LOD. Micro-interface arrays can be mass-produced in a reproducible manner using techniques that are available in the micro-electronics industry. Regardless of the nature of the micro-interface (solid-liquid or liquidliquid), the preconcentration step is relatively short in most cases (12 < td < 180 s) and all voltammetric techniques are available for the detection step.

The main difference between the two interfaces resides in the target analytes. Indeed, heavy metals, Cu 2+ , Pb 2+ , Cd 2+ ,As (III), Se (IV), Ni 2+ , Mn 2+ and Hg 2+ essentially, have been detected at micro-electrode arrays, whereas a variety of ions (oligopeptides, proteins, neurotransmitters and drugs…) have been detected at the ITIES. Electrochemistry at the ITIES may have been perceived as a curiosity but developments over the past twenty years have brought it to some level of maturity. Indeed, miniaturisation of the interface leads to the reduction of the ohmic drop and hence overcomes the resistivity of the liquidliquid interface predominantly due the organic phase. Combination of stripping voltammetry and of the miniaturisation of the ITIES has improved the limits of detection a 100-fold compared to the ones achieved by cyclic voltammetry at macro-ITIES [87]. Thus, the limits of detection at the µITIES reach the levels of analyte concentration that are analytically significant [91,114] and allow detection directly in real samples [114]. Stripping voltammetry at micro-interface arrays allows the determination of target analytes at concentration levels which are significant for environmental and physiological samples.

V. Concluding remarks

Stripping voltammetry at micro-interface arrays is a powerful and sensitive technique suitable for a wide range of applications. Micro-electrode arrays and µITIES are complimentary as they offer the possibility for the detection of a very wide range of analytes, either redox-active or non-redox active in real samples. Electrochemical instrumentation can easily be miniaturised and is simple to operate, making stripping voltammetry at micro-interface arrays a good candidate for the insitu monitoring. Nevertheless, the main challenges for stripping voltammetry at micro-interfaces arrays will be its integration in autonomous microsystems for a long term use without failure of the electrochemical sensor via surface passivation. Such integration will require the development of efficient sensor surface protection, of a stable reference electrode and of calibration-free methods. Table 2 Table 3 

a

  are the activities in the organic (o) and the aqueous (w) phases. R is the universal gas constant, T is the temperature and F is the Faraday constant. When the interfacial Galvani potential difference is modified, ion transfer from one phase to another is induced to maintain the equilibrium described by this equation. Each ion crossing the interface results in a current recorded by the counter electrode present in each phase. All electrochemical techniques that are available for solid electrodes can be applied at the liquidliquid interface using a four electrode set-up (one reference and one counter electrode in each phase). Stripping voltammetry at the ITIES broadens the range of target analytes to non-redox active ions, which cannot be detected by voltammetry at solid electrodes.

  Ohkouchi et al. reported the detection of acetylcholine at a µpipette by both cyclic voltammetry and stripping analysis[88], achieving a detection limit of 10 µM at a single 10µm diameter µITIES. More recently, Lee et al. investigated the stripping voltammetry of choline using an array of 66 µITIES of 22 µm of diameter with which a LOD of 5 µM was reached[89]. More recently, Berduque et al. used differential pulse voltammetry to detect dopamine, in the presence of ascorbic acid, at an array of 8 µITIES of 50 µm of diameter[115].Huang et al. investigated 
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 2 Figure 2: (a) Comparison of experimental and simulated cyclic voltammograms for the transfer of TEA + across the ITIES formed at a µITIES array. Solid lines: experimental (background subtracted) voltammogram. Open circles: simulated voltammogram. Scan rate: 10 mV s -1 . The current was normalised by the limiting value. Ref. [101] (b) Schematic representation of radial and linear diffusions at a µITIES. Permission needed from the publisher.
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 3 Figure 3: Influence of the deposition time on the differential pulse stripping voltammetry (background subtracted) of 75 μM Phe-Phe: voltammetric response of 0 (light grey), 5, 15, 30, 45, 60, 90, 120, and 180 s (black) deposition times. The transfer potentials are relative to the Ag / AgCl reference electrodes used Ref. [102].
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 4 Figure 4: Repartition of the different experiments reported in the literature in the predominance zones of spherical, mixed and linear diffusion processes.
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	Abbreviations: 1,2 DCE: 1,2 dichloroethane; 1,6-DCH: 1,6-dichlorohexane; AdSV: adsoptive
	stripping	voltammetry;	ASV:	anodic	stripping	voltammetry;	BTPPA + :
	bis(triphenylphosphoranylidene)ammonium; CSV: cathodic stripping voltammetry; ETH500:
	Tetradodecylammonium tetrakis(4-chlorophenyl)borate; ETH1062: N,N,N',N'-tetrabutyl-3,6-

dioxaoctane-dithioamide; ITIES: Interface between two immiscible electrolyte solution; ITO: Indium tin oxide; LOD: limit of detection; NB: nitrobenzene; NPOE: 2-nitrophenyloctyl ether; ODTA + : Octadecyltrimethylammonium; PTE: polyethylene terephthalate; PVC: polyvinyl chloride; SWASV: square wave anodic stripping voltammetry; TBA + : tetrabutylammonium; TPB -: tetraphenylborate; TPBCl -: tetrakis(4-chlorophenyl)borate; UPD: Underpotential deposition.