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Introduction.

Miniaturization of analytical techniques is an important issue for samples of low availability and for the development of portable devices, as well as for evident economic and ecological reasons (consumption of small amounts of precious and/or expensive reagents, waste production). Within this framework, electrochemistry brings a significant contribution to the analysis in small volumes, notably through the miniaturization of electrodes [1]. On the other hand, the development of microfabrication techniques such as photolithography [2][3][4][5][6][7], screen printing [8,9], plasma etching [10], and laser ablation [11,12] allowed the preparation of volume-limited structures. In this context, two main approaches have been developed aimed at running electrochemistry in small volumes. The first one, essentially developed in view of the detection of small numbers of molecules released by single cells, consists in the immersion of needle-type micro-electrodes in small chambers, or vials, prepared by micro-fabrication techniques [2,3,13,14]. Alternatively, the second route deals with the immersion of needle-type micro-electrodes within droplets, or meniscus, thus avoiding the preparation of containers [15,16,17]. This approach has been implemented with micro-, nano-, picoand femto-liter droplets deposited either on a substrate or onto the electrode itself.

Micro volume droplets are generally deposited onto the working electrode surface [18,19]. However, comparatively large liquid-solid reference electrode (e.g. SCE) cannot be immersed in such drops. Instead, pseudo-reference wire-shaped electrodes such as Ag, Ag/AgCl, or Pt are used though they suffer from potential instability with some species [20,21,22].

Herein, a new approach is proposed for real three-electrode operation with a commercial SCE in micro-volume droplets combined to smaller counter and working electrodes. This allows investigating both aqueous and organic solutions provided a chamber is used to prevent evaporation. Actually, the novelty of this device relies on the fact that droplets are deposited neither on a substrate nor on the working electrode surface, but suspended at the fritted glass of a bridge compartment in which the SCE is placed (Figure 1A). The bridge was aimed at preventing any contamination of the reference electrode from the solution and vice versa. This original electrochemical cell was shown to be perfectly adapted to electroanalysis of low quantities of highvalued molecules and also for controlled-potential electrolysis.

Figure 1.

(A) Experimental device used to perform cyclic voltammetry and controlled-potential electrolysis in 50 µL hanging droplets. Note that a U-shape bridge compartment could be also used in order to have the droplet deposited on the fritted glass surface rather than hanging from the latter.

(B) Voltammetry of ferrocenemethanol (0.5 mM) in H 2 O + KCl (0.1 M) at a 10 µm diameter carbonfiber electrode (v=20 mV/s). The same curve (1) was obtained in the droplet or in bulk solution or after cleaning the electrode surface. Curves (2) to (6) corresponded to successive scans run after 2, 3, 8, 13, and 15 minutes, respectively, in the micro-volume cell. Inset shows a voltammogram obtained at 20 V/s in the droplet.

(C) Voltammetry of ferrocene (1 mM) in DMF + nBu 4 PF 6 (0.1 M) at a platinum electrode after 15 minutes in the droplet (dotted line) and in a bulk solution (solid line). v= 20 mV/s. Inset shows a voltammogram obtained in the droplet at 20 V/s. (D) Voltammetry of (a) ferrocenemethanol (25 µM) and of (b) Fc-(Arg) 9 (50 µM) in PBS at a 10 µm diameter carbon-fiber electrode in the droplet (v=20 mV/s).
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Cyclic Voltammetry in Water and in Organic solvent

Cyclic voltammograms of ferrocenemethanol were first recorded at a carbon fiber electrode immersed in a suspended 50 µL water droplet to test and validate the device under steady-state and transient conditions. Usual sigmoidal-and peak-shaped voltammograms were obtained at slow and high scan rates, respectively (Figure 1B). Identical voltammograms were obtained in a bulk solution (3 mL) of same composition upon using the same electrodes demonstrating that, in microliter volumes, voltammetric responses are not affected by depletion phenomena as observed in pico-liter cells [15]. Furthermore, it was calculated that 4.82 mC would be required to completely electrolyze 50 µL of 1 mM ferrocenemethanol. Considering a steady-state current of ca. 4 nA flowing during 25 seconds, i.e., ca. 0.1 µC passed, only about 2.10 -3 % of the analyte was oxidized during one slow scan. This confirms that depletion of ferrocenemethanol in the drop can be disregarded even at slow scan experiments.

Another important point to test was evaporation. It was already reported that evaporation from an air-exposed 1 µL aqueous droplet was significant after around 60 seconds (peak currents increased by more than 5%) [23]. Since relative evaporation rate is proportional to the surface-to-volume ratio of the sample, no evaporation, and therefore no peak current increase, was expected under our conditions within tens of minutes. Conversely, a very slight peak current decrease was observed with time (Figure 1B). This was due to the fouling of the electrode surface. Indeed, the initial peak current value was recovered after polishing the electrode (Figure 1B), and no evidence of evaporation was observed after 15 minutes exposure to air.

Organic solvent droplets could be suspended as well to the bridge fritted glass. Cyclic voltammetry of ferrocene was therefore performed in dimethylformamide or acetonitrile with a platinum microelectrode (the shaft of the above carbon-fiber was insulated by poly(oxyphenylene) which may dissolve in organic solvents). To prevent solvent evaporation, a tissue soaked with the same organic solvent was placed into the measurement chamber. An argon stream saturated with solvent was also gently blown before starting each experiment, for five minutes, to remove oxygen from the chamber. Transient and stationary voltammograms were recorded at high (20 V/s) and slow (20 mV/s) scan rates, respectively (Figure 1C). As observed in water, the electrochemical responses were identical to those obtained in a bulk solution (3 mL) and no solvent evaporation was noted during 15 minutes at least, in agreement with previous reports [23].

Controlled-potential electrolysis

The presence of a saturated calomel electrode in our device is particularly relevant to perform accurate controlled-potential electrolysis in micro volumes. Since the anode and cathode were in close proximity (few millimeters) any electrolysis of a reversible redox soluble couple would have led to redox cycling. For this reason, we considered the reduction of H 2 PtCl 6 or KAuCl 4 in aqueous solutions as test experiments. A series of controlled-potential electrolyses were run in suspended 50 µL water droplets, instead of usual milliliter volumes [24], as a function of the charge passed and analyzed by SEM (Figure 2). Platinization of the carbon-fiber microelectrode was successfully achieved. SEM images show that platinization occurred only on the active surface but not on the insulated one. Also, no interference of the counter electrochemical reaction was observed within the short time-scale electrodeposition (estimated maximum diffusion layer thickness c.a.: 0.5 mm). A typical variation of the amperometric current following the reduction of hydrogen hexachloroplatinate(IV), in the presence of lead acetate, on the carbon-fiber active surface is shown in Figure 2(IV)-left.

Similarly, electrodeposition of gold nanocrystals could be achieved onto carbon-fiber electrode surfaces. In Figure 2-right are shown the SEM images obtained after reduction of potassium tetrachloroaurate for 30 seconds at either + 400 or -500 mV / SCE corresponding to the plateau and the foot of KAuCl 4 reduction wave, respectively. As already demonstrated on glassy carbon electrodes [25], the size, structure, and distribution of gold nanocrystals depended on the overpotential, illustrating the benefit of the three-electrode cell operation.

Electrochemical detection of a high value-added molecule

Owing to its minute volume our method is perfectly suited for electroanalysis of precious/poorly available molecules. This was illustrated through the detection of a cationic cell-penetrating peptide (CPP) grafted to a ferrocenyl (Fc) moiety. Presently, CPPs are among the most popular and efficient shuttle to access the intracellular medium owing to their ability to penetrate cell membranes at micromolar concentrations without causing significant membrane damages while carrying biologically active cargoes (drugs, oligonucleotides, proteins, nanoparticles, etc.) [26,27]. For these reasons, they have opened new avenues for therapeutic applications, notably in cancer therapy [28,29]. Though fluorescence-based techniques are the most commonly exploited approaches to detect these peptides [30,31], electrochemical methods may also be of great analytical interest. In this context, we recently reported on the modification of a cationic CPP with a ferrocenyl unit [32]. However, these experiments required large CPP amounts (milliliter electrochemical cell and millimetric sized electrodes). Hence, the electrochemical detection of a CPP composed of nine arginines and tagged with a ferrocenyl unit (noted as Fc-(Arg) 9 ) at a carbon fiber electrode immersed in a micro-volume suspended water droplet was investigated. As shown in Figure 1D, a well-defined sigmoidal voltammogram was obtained at slow scan rate in the presence of micromolar concentration of the Fc-(Arg) 9 peptide. Also, the Fc-(Arg) 9 oxidation appeared at a more positive potential value than that of ferrocenemethanol illustrating an electron-withdrawing effect of the amino acids [33]. This again illustrated the analytical interest of the present three-electrode droplet cell approach.

Conclusion

This work established the validity of electrochemical investigations performed in micro-volume hanging droplets, in the presence of a conventional reference electrode. This original approach is simple, low-cost, easy to implement and versatile. Moreover, it does not require any construction of a miniaturized electrochemical cell, thus affording immediate electrochemical characterization.

Experimental Section

Chemicals. Tetra-n-butylammonium hexafluorophosphate (Acros Organics) and Potassium chloride (Sigma Aldrich) were used as supporting electrolytes in organic solvents and in highly purified water (HPW; resistivity = 18 M.cm; Milli-Q system; Millipore, Billerica, MA, USA), respectively. Acetonitrile (Sigma Aldrich), N,N-dimethylformamide (Acros Organics), ferrocene (Fluka), ferrocenemethanol (Aldrich), potassium tetrachloroaurate (Aldrich), sulfuric acid (Sigma-Aldrich), hydrogen hexachloroplatinate (Aldrich), and lead(II) acetate trihydrate (Sigma) were used as received. Phosphate-buffered saline (PBS) pH 7.4 (Gibo, Invitrogen Co.) was prepared with HPW.

Instrumentation.

Cyclic voltammetry and controlled-potential electrolysis experiments were performed in a Faraday cage using a Princeton Applied Research potentiostat (PARSTAT 2273). The quality of gold and platinum depositions were monitored by scanning electron microscopy (Eline model by RAITH).

Working Microelectrode Fabrication. Carbon fiber microelectrodes (10 µm diameter, Thornel Carbon Fibers, Cytec Engineered Materials, Greenville, SC, USA) were constructed, insulated and polished as described previously [34].

Platinum working disk-electrodes were made through cross-sections of platinum wires (25 µm diameter, Goodfellow) sealed in a Pyrex glass capillary (Harvard Apparatus, length: 10 cm; outer diameter: 1.2 mm; inner diameter: 0.6 mm). Electrodes were polished to a mirror finish with emery paper of decreasing grain size and alumina powder (Minitech 233 by PRESI), sonicated for 10 minutes in HPW, and dried before use.

Electrochemical Experiments. All measurements were made at room temperature. The reference electrode was a commercial saturated calomel electrode (SCE -Radiometer Analytical) equipped with a bridge compartment filled with the same solvent/supporting electrolyte solution as in the drop. The counter electrode was a 1 cm length platinum wire (0.5 mm in diameter, Goodfellow). The working and counter electrodes were held with the help of H-7 pipette holders (Narishige group). Their immersion in the drop was done manually without the help of any micromanipulators. Water and organic solvents droplets (50 µL) were dispensed with a Hamilton microsyringe directly on the fritted-glass of the bridge compartment. To avoid any solvent evaporation and/or when an inert atmosphere was required, the drop and electrodes were placed in a glass enclosed chamber in which an argon stream saturated with the corresponding solvent was gently passed during five minutes before starting the experiment. A piece of tissue (TX 604 cellulose/polyester, surface: 2 cm 2 ) soaked in the appropriate solvent was also placed in the chamber. [35,36].

Solid Phase Peptide Synthesis. All standard chemicals and protected amino acids were purchased from Sigma, Merck chemicals Ltd., Carlo Erba or Iris Biotech AG.

The Arg 9 sequence was synthesized on a 0.1 mmol scale by conventional tBoc/Tosyl SPPS starting from a MBHA-Resin (0.54 mmol/g loading) on an 431A ABI synthesizer (Applied Biosystem). Boc-Arg(Tos) (1mmol) was coupled with DCC/HOBt (1eq., 1:1). The dried Boc-peptidyl resin was transferred into a fritted syringe, swollen (NMP) and reacted with ferrocene carboxylic acid (0.5 mmol), HBTU (0.45 mmol), and DIPEA (1 mmol), in NMP for 30 min. The ferrocene peptidyl-resin was washed (NMP, DCM, MeOH), and dried under vacuum. Then, the peptide was cleaved from the resin with HF at 0°C, in the presence of anisole (1.5 μL/mg of resin), for 2 hours. Elution with a 10% acetic acid solution afforded the crude peptide, which was purified by RP-HPLC ( 

Figure 2 .

 2 Figure 2. Left: Scanning electron microscopy images of a carbon fiber (10 µm in diameter) electrode obtained before (I) and after a platinization charge of 20 µC (II) and 40 µC (III) within the droplet. In (IV) is shown a typical evolution of the amperometric current recorded during the reduction (E = -65 mV/SCE) of hydrogen hexachloroplatinate(IV) (28 mM) in the presence of lead acetate (0.57 mM).The electrodeposition started at t = 0 and was pursued until reaching a platinization deposit (30 µC in this case); inset shows the corresponding platinum deposit.Right: Scanning electron microscopy images of a 10 µm gold modified carbon fiber electrode by reduction of potassium tetrachloroaurate(III) (2.6 mM) dissolved in sulfuric acid (0.1 M). Images (I) and (II) were obtained after reduction at + 400 mV/SCE for 30 seconds. (III) and (IV) were obtained after reduction at -500 mV/SCE for 30 seconds.

Preparation of Gold-Coated and Platinized Carbon-Fiber Electrodes through Electrolysis

  SCE. Platinized carbon-fiber electrodes were obtained by reducing, at -65 mV vs. SCE, a solution prepared itself by mixing 1 mL of hydrogen hexachloroplatinate(IV) (8 wt.% solution in water) and lead(II) acetate trihydrate (99.8 %, 1.6 mg) in PBS(6.4 mL) 

. All polished carbon-fiber surfaces were modified by controlled-potential electrolyses after immersion of the electrode in a 50 µL droplet of the appropriate solution. Deposition of gold metal at the surface of carbon-fiber electrodes was achieved by reduction of potassium tetrachloroaurate(III) (2.6 mM) dissolved in sulfuric acid (0.1 M), at + 400 or -500 mV vs.

  5-30% B in 30 minutes, VP 250 x 16 mm NUCLEODUR ® C18 HTec 5 μm column working at 14 mL/min, with the solvent systems: A (0.1% TFA in H 2 O) and B (0.1% TFA in CH 3 CN), and UV detection at 220 and 280 nm. Characterization of Fc-(Arg) 9 : i) Analytical RP-HPLC: 8.48min, purity over 95% (5-30% B in 10 minutes, Proto 200 C18-3 μm 100 x 4.6 mm column at 1 mL/min (Higgins Analytical)); ii) MALDI-TOF MS (DE-Pro, ABI) in positive ion reflector mode using the CHCA matrix (m/z): [M+H] + calcd 1635.73; found, 1635.09.
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