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The reversible oxidation and reduction of Cytochrome c (Cyt c) is demonstrated with a closed bipolar electrochemical cell (CBPEC). Herein, a 4-electrode configuration was studied with the opposite poles of the bipolar electrode resting in separate aqueous and organic electrolyte solutions, respectively. Using biocompatible indium tin oxide (ITO) slides as the bipolar electrode poles, we investigated the influence of the redox potential of the reductant (decamethyferrocene or dimethylferrocene) in an trifluorotoluene organic phase on the observed voltammetry. Reversible electron transfer was only observed between Cyt c and decamethylferrocene. Use of the weaker dimethylferrocene as the reductant required a larger external bias of the driving electrodes to initiate the electron transfer reaction between the two poles of the bipolar electrode. Consequently, the surface of the ITO slide at the aqueous pole experienced a significant negative cathodic potential and underwent irreversible reduction. The biphasic setup using the 4-electrode CBPEC provides insights into electron transfer processes at an interface between two immiscible electrolyte solutions (ITIES), highlighting the strong probability of observing interfacial electron transfer between decamethylferrocene (but not dimethylferrocene) and Cyt c within the short ~ 1 V polarisable potential window available at an ITIES.

Introduction

Direct electron transfer (DET) to redox proteins from conducting materials is of fundamental interest in mechanistic studies in biochemistry [START_REF] Léger | Direct Electrochemistry of Redox Enzymes as a Tool for Mechanistic Studies[END_REF][START_REF] Armstrong | Direct electrochemistry of redox proteins[END_REF]. Optimisation of such charge transfer processes is central to the development of nanobiotechnological devices, such as biosensors for health monitoring or enzymatic fuel cells [START_REF] Bostick | Protein bioelectronics: a review of what we do and do not know[END_REF][START_REF] Walcarius | Nanomaterials for bio-functionalized electrodes: Recent trends[END_REF][START_REF] Leech | Enzymatic fuel cells: Recent progress[END_REF]. Cytochrome c (Cyt c) is a particularly well studied, relatively small (104 amino acid residues), redox protein due to its essential role in both mitochondrial electron transport and intrinsic type II apoptosis [START_REF] Hüttemann | The multiple functions of cytochrome c and their regulation in life and death decisions of the mammalian cell: from respiration to apoptosis[END_REF]. Cyt c is capable of DET between its heme co-factor and suitably modified electron conducting materials [START_REF] Seyedi | Theory and Electrochemistry of Cytochrome c[END_REF]. Bipolar electrochemistry involves the generation of simultaneous asymmetric electrochemical reactions at the opposite ends of isolated conductive objects, known as bipolar electrodes (BPEs), immersed in electrolyte solutions in the presence of an applied electric field [START_REF] Bradley | Creating electrical contacts between metal particles using directed electrochemical growth[END_REF][START_REF] Fosdick | Bipolar electrochemistry[END_REF][START_REF] Loget | Bipolar electrochemistry: from materials science to motion and beyond[END_REF][START_REF] Sequeira | Bipolar Electrochemistry, a Focal Point of Future Research[END_REF][START_REF] Koefoed | Bipolar electrochemistry-A wireless approach for electrode reactions[END_REF]. In this study, the bioelectrochemistry of Cyt c was investigated using immiscible aqueous-organic electrolyte solutions in a 4-electrode closed bipolar electrochemical cell (CBPEC) configuration [START_REF] Plana | The voltammetric response of bipolar cells: Reversible electron transfer[END_REF][START_REF] Hotta | Electron-conductor separating oil-water (ECSOW) system: A new strategy for characterizing electron-transfer processes at the oil/water interface[END_REF][START_REF] Hotta | Clarification of the Mechanism of Interfacial Electron-Transfer Reaction between Ferrocene and Hexacyanoferrate(III) by Digital Simulation of Cyclic Voltammograms[END_REF][START_REF] Gründer | Solids at the liquid-liquid interface: Electrocatalysis with pre-formed nanoparticles[END_REF][START_REF] Wu | Integrating bipolar electrochemistry and electrochemiluminescence imaging with microdroplets for chemical analysis[END_REF][START_REF] Uehara | Au Electrodeposition at the Liquid-Liquid Interface: mechanistic aspects[END_REF][START_REF] Nishi | Dendritic nanofibers of gold formed by the electron transfer at the interface between water and a highly hydrophobic ionic liquid[END_REF][START_REF] Smirnov | Gold Nanofilm Redox Catalysis for Oxygen Reduction at Soft Interfaces[END_REF][START_REF] Zhang | High-efficient preparation and screening of electrocatalysts using a closed bipolar electrode array system[END_REF][START_REF] Gamero-Quijano | Closed bipolar electrochemistry in a four-electrode configuration[END_REF].

The BPE studied consisted of two indium tin oxide (ITO) slides, known to be electrochemically biocompatible with Cyt c [START_REF] Kasmi | Adsorptive immobilization of cytochrome c on indium / tin oxide ( ITO ): electrochemical evidence for electron transfer-induced conformational changes[END_REF][START_REF] Matsuda | Spectroelectrochemical studies on surface immobilized cytochrome c on ITO electrode by slab optical waveguide spectroscopy[END_REF], connected by an electric wire. The lipophilic species were dimethylferrocene (DiMFc), a weak reductant, and decamethyferrocene (DcMFc), a strong reductant. To successfully achieve bioelectrochemistry in a 4-electrode CBPEC configuration, we demonstrate that considerations such as the stability of the BPE across the polarisable potential window must be taken into account. We show that when the weaker DiMFc reductant is used, the large external biasing of the driving electrodes, i.e., changing the applied Galvani potential difference ( o w ), required to initiate the electron transfer reaction establishes an equilibrium Galvani potential difference ( o w  eq. ) of sufficient magnitude to reduce the ITO surface at the aqueous pole.

The interaction of Cyt c with lipophilic redox species is interesting as Cyt c undergoes redox chemistry with species present in a lipophilic membrane environment in the electron transport chain of mitochrondria. The latter involves Cyt c shuttling electrons between Complexes III (Coenzyme Q -Cyt c reductase) and IV (Cyt c oxidase). Thus, in line with previous uses of this technique [START_REF] Plana | The voltammetric response of bipolar cells: Reversible electron transfer[END_REF][START_REF] Hotta | Electron-conductor separating oil-water (ECSOW) system: A new strategy for characterizing electron-transfer processes at the oil/water interface[END_REF][START_REF] Hotta | Clarification of the Mechanism of Interfacial Electron-Transfer Reaction between Ferrocene and Hexacyanoferrate(III) by Digital Simulation of Cyclic Voltammograms[END_REF][START_REF] Gründer | Solids at the liquid-liquid interface: Electrocatalysis with pre-formed nanoparticles[END_REF][START_REF] Wu | Integrating bipolar electrochemistry and electrochemiluminescence imaging with microdroplets for chemical analysis[END_REF][START_REF] Uehara | Au Electrodeposition at the Liquid-Liquid Interface: mechanistic aspects[END_REF][START_REF] Nishi | Dendritic nanofibers of gold formed by the electron transfer at the interface between water and a highly hydrophobic ionic liquid[END_REF][START_REF] Smirnov | Gold Nanofilm Redox Catalysis for Oxygen Reduction at Soft Interfaces[END_REF][START_REF] Zhang | High-efficient preparation and screening of electrocatalysts using a closed bipolar electrode array system[END_REF][START_REF] Gamero-Quijano | Closed bipolar electrochemistry in a four-electrode configuration[END_REF], our primary motivation is to acquire mechanistic insights for future studies of electron transfer events involving Cyt c at the interface between two immiscible electrolyte solutions (ITIES), considered a simple model system that mimics biological interfacial processes. Thus, the work herein highlights the under-utilised technique of 4-electrode closed bipolar electrochemistry with immiscible aqueous-organic solutions to study redox reactions between lipophilic redox species and aqueous redox active proteins. The latter reactions are inaccessible using typical 3-electrode bioelectrochemical experiments carried out in homogeneous aqueous conditions.

Experimental methods

3-electrode electrochemical cell experiments

The materials used in this work are detailed in section S1.1, Supplementary Information (SI). All electrochemical measurements were obtained using an Autolab PGSTAT204 potentiostat from Metrohm, Switzerland. All 3-electrode electrochemistry experiments were performed in a home-made electrochemical cell designed for low volumes (< 5 mL). The working electrode was an ITO slide (area of 1 cm 2 and resistivity of 120 ); the electron conductor used to create the BPE. The ITO slides were rinsed and sonicated in acetone prior to electrochemical measurements. The counter electrode was a Pt wire and the reference electrode was a silver/silver chloride (Ag/AgCl) wire. Cyclic voltammograms (CVs) obtained in aqueous phosphate buffer solutions with a 3-electrode cell using Ag/AgCl reference electrodes were calibrated to the SHE scale as described in Fig. S1, section S1.2, SI.

Electrochemistry in the organic solvent -trifluorotoluene (TFT) required a slight modification of the electrochemical cell, with the Ag/AgCl electrode immersed in an "organic reference solution" that established a liquid junction with the organic phase. The organic reference solution was an aqueous solution of 1 mM LiCl and 10 mM BACl. CVs obtained in TFT solutions with a 3-electrode cell using Ag/AgCl reference electrodes were also calibrated to the SHE scale using the ferrocene (Fc + /Fc) redox couple in TFT. The redox potential of the latter in TFT versus SHE has been determined previously as 0.720 V [START_REF] Smirnov | Interfacial Redox Catalysis on Gold Nanofilms at Soft Interfaces[END_REF]. All experiments were carried out under aerobic conditions. 

Results and Discussion

Voltammetry of Cyt c in a 4-electrode closed bipolar electrochemical cell

The configuration of the 4-electrode CBPEC used for the study of Cyt c bioelectrochemistry with aqueous-organic electrolyte solutions is illustrated in Scheme 1. Overall, the heterogeneous redox reaction is:

DcMFc o 0 + Cyt 𝑐-Fe w (III) ⇌ DcMFc o + + Cyt 𝑐-Fe w (II) (1) 
In the organic compartment, DcMFc o 0 will be oxidised at Po, see Equation ( 2), with the concurrent reduction of molecule X (e.g., a solvent molecule) at the surface of the organic driving electrode maintaining electroneutrality. Simultaneously, in the aqueous compartment, Cyt 𝑐-Fe w (III) will be reduced at Pw, see Equation ( 3), with oxidation of molecule M at the surface of the aqueous driving electrode (see Scheme 2).

DcMFc o 0 + P o 0 ⇌ DcMFc o + + P o - (2) 
Cyt 𝑐-Fe w (III) + P w -⇌ Cyt 𝑐-Fe w (II) + P w 0

The current convention for electrochemical experiments with a 4-electrode CBPEC is explained in section 1.4, SI. Furthermore, the theoretically expected separation between the redox signals of +0.477 V was not observed, with a smaller separation of 0.432 V measured (Fig. 1(A), solid red line). 

Comparing the voltammetry obtained using a conventional 3-electrode cell to that obtained with a 4-electrode closed bipolar electrochemical cell

By comparison with the redox response of Cyt c at an ITO working electrode using a conventional 

Conclusions

Herein, direct electron transfer between Cyt c and the aqueous pole of a bipolar electrode in a 4electrode closed bipolar electrochemical cell (CBPEC) with aqueous-organic electrolyte solutions is demonstrated. The stability of the aqueous ITO pole was linked to the redox potential of the organic electron donor species (either decamethylferrocene or dimethylferrocene). The larger the difference between the redox potentials of the ferrocene-derivative and Cyt c, the greater the required external bias of the driving electrodes. Thus, the large external bias required when using the weaker reductant, dimethylferrocene, led to irreversible reduction of the ITO at the aqueous pole during the 4-electrode CBPEC experiment. The latter is demonstrated as a viable alternative experimental approach to the conventional 3-electrode cell to explore the bioelectrochemistry of Cyt c, especially using lipophilic reductants or oxidants. In this sense, ample opportunities exist to test the biocompatibility of surface modifications to the aqueous pole of the bipolar electrode, such as through the use of self-assembled monolayers on gold, lipid membranes, advanced carbon nanomaterials, or conductive polymers, to prevent protein denaturation on contact with the electrode surface. A major perspective is to confirm the predicted observation of interfacial electron transfer at the ITIES between decamethylferrocene and Cyt c within the available potential window. The use of the soft interface at an ITIES, mirroring soft biomembranes, to monitor bioelectrochemical reactions with redox active proteins would be of major interest.
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 1 Scheme 1. Schematic of the 4-electrode CBPEC with aqueous-organic electrolyte solutions. The BPE consisted of two ITO slides connected by an electric wire, one in each compartment acting as the aqueous pole (Pw) or organic pole (Po), respectively. The ferrocene derivatives studied in the TFT organic phase were DiMFc and DcMFc.
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 27 Scheme 2. Schematic of the 4-electrode CBPEC configuration with aqueous-organic electrolyte solutions used for the study of Cyt c bioelectrochemistry as  o w  is biased sufficiently positively by the potentiostat to facilitate electron transfer along the BPE from the organic electron donor DcMFc at Po to the aqueous Cyt c molecule at Pw.
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 1 Fig. 1. (A) CVs obtained using the 4-electrode CBPEC configuration with aqueous-organic electrolyte solutions outlined in Scheme 1, in the absence of Cyt c and both ferrocene derivatives (solid black line), in the presence of 14 M DcMFc only (dashed black line), in the presence of 14 M DiMFc only (dashed red line), and in the presence of 8 M Cyt c, 14 M DiMFc and 14 M DcMFc (solid red line). The scan rate used was 20 mVs -1 . (B) CVs obtained using the 4-electrode CBPEC configuration outlined in Scheme 1, as described in (A), using a smaller polarisable potential window to clearly observe the redox response at  o w  1/2 = -0.161 V in the presence of 8 M Cyt c and 14 M DcMFc (solid red line). The scan rate used was 20 mVs -1 .
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 3 Fig.2(A), the aqueous Ag/AgCl reference electrode potential scale was linked to the DcMFc potential scale in the TFT organic electrolyte, against which all reduction processes are occurring in the 4-electrode

Fig. 2 .

 2 Fig. 2. Comparison of CVs recorded using the 4-electrode CBPEC with aqueous-organic electrolyte solutions outlined in Scheme 1 in the presence of (A) 8 M Cyt c and 14 M DcMFc (solid black line) or (B) 8 M Cyt c, 14 M DiMFc and 14 M DcMFc (solid black line) and a CV recorded using a 3-electrode cell with 8 M Cyt c in phosphate buffer solution at pH 7 (solid red line). The aqueous Ag/AgCl reference electrode potential scale was linked to the DcMFc potential scale in the TFT organic electrolyte, as
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