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Introduction

Microorganisms that catalyze reactions in bioelectrochemical systems (BES) are known for their ability to exchange electrons with electrodes through a metabolic process called extracellular electron transfer. They are often found in well-organized symbiotic or commensal mixed biofilms and are qualified as electroactive [1,2]. On the surface of anodes, electroactive biofilms couple the oxidation of carbon sources like acetate or glucose with proton-releasing metabolic reactions via a network of redox active proteins that extends from the inner membrane towards the cell surface [3]. Whether extracellular electron transfer is made directly by surface-exposed membrane proteins contact with the solid or indirectly via redox shuttles [4], electron transfer is often coupled or associated to extracellular proton release to maintain cell electroneutrality and/or internal pH [5]. This in turn acidifies both the biofilm and the anolyte which may impact the bacteria metabolism. In Microbial Fuel Cells (MFCs), one of the most explored BES, electrons resulting from the oxidation of the organic matter by electroactive bacteria are accepted by the anode while the protons migrate through a proton exchange membrane towards the cathode [START_REF]Bioelectrochemical systems: from extracellular electrons transfer to biotechnological application[END_REF]. However, around neutral pH and in concentrated buffer solutions, other cationic species are also responsible for the ionic current through the membrane [START_REF] Bergel | [END_REF] which can lead to proton accumulation in both the biofilm exopolysaccharide matrix and at the electrode-biofilm interface, and eventually in the anolyte of batch type systems. This acidification can impair microbial growth and current production in MFCs [8]. Although the effect of the electrolyte pH on the performance of anodic electroactive biofilms is well-known [9][10][11][12], few studies have yet reported how the pH evolves at the biofilm-electrode interface during turnover and non-turnover processes [13].

Methods for measuring pH at interfaces include electrochemical pH sensors, electrochemical scanning probe techniques, fluorescence and voltammetry. Localized and dynamic pH alteration and monitoring at biological nano-objects (enzymes) is possible with the coupling of scanning electrochemical microscopy with single-molecule fluorescence spectroscopy [14]. This additionally requires a confocal laser microscope or an internal reflection for fluorescence recording [14]. The scanning electrochemical microscopy technique using a 25 m diameter platinum/iridium oxide pH-dependent ultramicroelectrode was also applied to the local pH change monitoring at the liquid-liquid water/organic interface induced by the photo-activated transfer of a photoactive compound [15]. A voltammetric pH nanosensor with high spatial resolution (5 m) was designed by adsorbing a redox-active pH probe (in the range pH 2-12) inside a carbon coated quartz nanopipette [16]. The pH gradient and alkalinization around a 10 μm diameter Pt disc electrode polarized for the reduction of oxygen was demonstrated in aerated phosphate buffer saline electrolyte (bulk pH 7.4) [16]. These examples of pH monitoring at interfaces with scanning electrochemical microscopy show the potential high resolution of the approach. Practical and technical limitations however are the equipment needed for the measurements and monitoring, and the scanning time needed for large samples or the scanning rate inadequate for fast and dynamic pH changes. Biofilms can cover large surface and may be several hundreds of micrometers thick or more so that mapping of pH in the three directions with fluorophores [10][11][12] and discrimination between intracellular and extracellular pH is important [12]. Integration of nanoparticles in biofilms [17] has been applied to the pH mapping within biofilms [18]. Mesoporous silica nanoparticles (ca. 47 nm diameter) functionalized with pH-dependent and independent dyes allowed the ratiometric fluorescence measurement of the pH distribution within biofilms of Pseudomonas fluorescens microcolonies [18]. The quantification of pH variations in electroactive biofilms is interesting for both fundamental and applied research that aims at improving the performance of BES as alternative energy harvesting resource. Herein we report the simple and straightforward voltametric measurement of the pH at the biofilmelectrode interface using electrodes modified with a pH-dependent redox-active probe.

To date anthraquinone (AQ)-based electrodes have been used as pH and oxygen sensing probes for chemical processes [19], to measure peroxide electrocatalysis [START_REF] Kumar | Colloids and Surfaces A: Physicochem[END_REF], and more recently as grafted redox mediators for MFCs studies that aims at measuring the electron transfer rate from NAD + /NADH to the electrode [21]. However, to our knowledge no study has yet reported these AQ-modified electrodes as biofilm-electrode interfacial pH probes. In the present study, 1-aminoanthraquinone (1-AAQ) was used to modify electrodes that were subsequently used as anodes in MFCs inoculated with wastewater in order to investigate the pH changes at the biofilm-electrode interface.

Experimental section

Chemicals and solutions

All solutions were prepared with Milli-Q water (18.2 MΩ cm). 1-Aminoanthraquinone was purchased from Alfa Aesar. Potassium dihydrogen phosphate, potassium hydrogen phosphate, sodium nitrite, potassium hexacyanoferrate (III) and glucose were obtained from Sigma Aldrich. Concentrated hydrochloric acid (2 M, 37%, ACS Reagent) and sodium hydroxide pellets (ACS) were purchased from VWR. Commercial pH buffers were purchased from VWR BDH Chemicals (ACS TITRINORM grade) for pH 1 (glycine buffer, certified +/-0.02 pH-units) and pH 2, 3, 5, 6, 8, 9, 10 (certified at +/-0.05 pH-units) and from Merck Millipore for pH 4.01 (potassium hydrogen phthalate and pH 7.00 (potassium dihydrogen phosphate/disodium hydrogen phosphate), both of Certipur® grade. Buffers were all used at 0.1 M concentration.

Instrumentation and electrochemical measurements

Electrochemical experiments were performed at room temperature (19 ± 2 °C) in a threeelectrode set-up using an Autolab PGSTAT204 potentiostat/galvanostat (Eco Chemie B.V., the Netherlands) and Nova 2.14 as the electrochemical software (Metrohm). All potentials were reported versus an Ag/AgCl (3 M KCl) reference electrode with an estimated ± 1 mV uncertainty. A graphite rod was used as the counter electrode. The anodic chamber was degassed with argon bubbling and all measurements made under a constant argon flow above the anolyte.

Electrochemical analysis

The surface concentration () of AQ was calculated using  = Q/nFA (mol/cm 2 ), where Q (C) = i (A) × t (s) the charge corresponding to the integration of the faradaic current produced by the redox active molecule, n = 2 the number of electrons involved in the electron transfer reaction, F the Faraday's constant and A the electrode surface area (cm 2 ). The evolution of the formal potential (E 0' ) of the grafted anthraquinone / anthrahydroquinone redox couple with the pH of the electrolyte was determined by cyclic voltammetry (CV) for pH values ranging from 1 to 10. The calibration curve was drawn using the mean of 3 sets of independent experiments. Biofilm-electrode interfacial pH measurements were made using the calibration curve.

Surface modification

Graphite rods (Morgan Carbon, France) were isolated with Teflon tape to obtain controlled 5 mm diameter disk electrodes. The electrodes were polished with grit 500 SiC papers (Struers), prior to surface modification or direct incubation in MFCs as a negative control. All electrochemical experiments were performed in an anoxic environment by continuous argon purging. The 1-aminoanthraquinone grafting on graphite surfaces was performed in acidic aqueous solution (0.5 M) containing 1 mM of 1-aminoanthraquinone (1-AAQ) and 3 mM of NaNO 2 incubated for 30 min before recording 10 cyclic voltamogramms (CVs) from +0.7 V to 0.0 V vs. Ag/AgCl (3 M KCl) at a scan rate of 50 mV/s. The AQ modified graphite electrode was then sonicated for 3 minutes in 0.1 M potassium phosphate buffer at pH 7 to remove unreacted salts and studied by CV in commercial buffer solutions at different pH values (1-10).

Microbial fuel cell operation and biofilm growth

An H type reactor was assembled as described previously [22,23]. A sketch of the reactor is provided as Figure S1. The initial inoculum was prepared using 100 mL of municipal wastewater (Beaurade Wastewater Treatment Plant, Rennes, France) and 200 mL of 100 mM potassium phosphate buffer at pH 7 for a total volume of 300 mL. 20 mM of glucose was added as selective carbon source. After one-hour argon purging, the pH of the inoculum was measured and adjusted to 7 using small amounts of concentrated HCl or NaOH aqueous solutions. Weekly pH measurements and adjustments to 7 were performed when needed. To maintain the anaerobic conditions the anodes were sealed using anaerobic rubber caps and argon purges were performed every two days. Aluminum foil was used to protect the chamber from sunlight thus avoiding the growth of phototrophic species. Aerobic cathode chamber was filled with 300 mL of 100 mM potassium phosphate buffer aqueous solution with 20 mM potassium hexacyanoferrate III to ensure a stable potential and a non-limiting cathodic current. The two MFC compartments were separated by a cation exchange membrane (Fumasep® FKS-PET-75, Fumatech, Germany). Both anodic and cathodic electrodes were connected by a 1.2 kΩ external resistance and kept in a 30 °C thermostatic bath. A digital multimeter (Velleman DVM9912) was used to measure the potential difference between the electrodes. To monitor the biofilm formation, weekly CV at 10 mV/s was performed. After 1 month in operation, the inoculum of MFCs was replaced by 100 mM potassium phosphate buffer at pH 7.

Results and discussion

Electrochemical modification of the graphite surface by cathodic reduction of diazonium salt generated in-situ from 1-AAQ

Prior to the electrochemical modification, the acidic solution containing 1-AAQ (Fig. 1A) was put under stirring at 50 °C for 30 minutes and was then left to further incubate for 40 minutes at room temperature after the addition of NaNO 2 to ensure the formation of the diazonium cation. The reduction of the diazonium cation towards the formation of the radical is illustrated on Fig. 1B, where the first scan shows its characteristic irreversible reduction peak around +0.3 V vs. Ag/AgCl (3 M KCl) followed by the relative passivation of the electrode from the second scan onwards. The passivation results from a partial blocking of the interfacial electron transfer induced by the grafted AQ moieties onto the electrode surface [24,25]. After 10 recurrent CVs the electrode is passivated confirming the grafting of AQ moieties on the surface of the graphite electrode and thus the electrode surface modification [26]. The electrodes modified by this procedure will be hereafter referred to as 10-AQ.

Before evaluation of the 10-AQ-modified electrode a standard 3-minute sonication step, in 0.1 M potassium phosphate buffer, was performed to remove the non-grafted (adsorbed) species from the electrode surface. CV curves of bare graphite electrode and modified 10-AQ electrode were recorded at 50 mV/s in 0.1 M potassium buffer at pH 7 (Fig. 1C). While the CV of bare graphite (black) is featureless the 10-AQ electrode is characterized by two well defined chemically reversible redox couples at -0.55 V (peak 1) and -0.63 V (peak 2) formal potentials (green) measured using Ag/AgCl (3 M KCl) as reference electrode. These features contrast with the redox system observed for 1-aminoanthraquinone in solution which was characterized by a single reversible redox peak at a formal potential of -0.65 V at pH 7 (Figure S2). Unlike other quinone-like moieties like catechol, which give a single redox couple after grafting or in solution [27,28] AQ is greatly affected by the pH of the electrolyte and thus the shape of the AQ redox response can be highly variable [25,29,30]. Indeed, the reduction of anthraquinone in aqueous medium is described as a multistep mechanism [31]. Although the cyclic voltammograms presented in Fig. 1C were recorded in phosphate buffer (pH 7), the previous grafting step was achieved in 0.5 M HCl and the 3 min sonication step is probably not enough to increase the local pH at the graphite electrode surface which is highly porous.

Hence the slightly acidic local pH onto the electrode surface leads to the presence of two reversible redox systems in the electrochemical response of grafted AQ moieties that corresponds to an equilibrium between monoprotonated and deprotonated AQ species [29,30].

To support this hypothesis, different sonication times of 10-AQ modified electrodes in phosphate buffer were tested to see its effect on the chemical stability of the molecule and influence on the electrochemical signal. Fig. 2 shows the changes on the CV shape of the 10-AQ grafted molecules after 3 minutes and 75 minutes of sonication. As can be seen, after 75 minutes of sonication, peak 1 (E = -0.55 V) is no longer visible while peak 2 (E = -0.63 V) remains (see also Fig. S3 for scanning electron microscope images of the electrodes before and after sonication). Furthermore, it can also be seen that the current of peak 2 has roughly doubled which is in agreement with the previous work reported elsewhere [30]. Thus, after 75 minutes of sonication in 0.1 M potassium phosphate buffer (pH 7) the remaining protons from the HCl solution are completely removed from the electrode surface. In this case, the AQ electrochemical response is a well-defined reversible redox system similar to those obtained for AQ modified electrodes under unbuffered conditions [25,30]. The surface AQ concentration () was determined by charge integration under the CV peaks:

 = Q/nFA,
where Q is the amount of charge passed, n is the number of electrons (n = 2), F is the Faraday constant and A is the electrode geometric surface area. In our experimental conditions, the 3 mm diameter electrode surface was modified with an AQ surface concentration of 2.0 ± 0.3 × 10 -9 mol/cm 2 close to previous reported values [24,25,31]. Fig. 3 shows the stability of 10-AQ modified electrode after 1 month of incubation in phosphate buffer at pH 7. During this experimental time, both reduction and oxidation peaks became wider and slightly shifted in opposite potential directions compared with the reference electrochemical response obtained at day 1. However, the midpoint potential of the 10-AQ did not change during this time and the peak currents allowed to estimate a near quantitative stability of ca. 95% over one-month. Our results corroborate the study of Tang et al. [21] where a similar stability pattern was also reported. These results proved that 10-AQ was successfully grafted onto graphite electrode via strong covalent bonding exhibiting a reproducible electrochemical behavior with a high stability. Furthermore, 75 min of sonication in 0.1 M phosphate buffer pH 7 led to a univocal reversible redox system allowing the following studies to be performed under physiological conditions. 

Effect of pH on the surface of the anthraquinone-modified graphite

The evolution of the formal potential of the anthraquinone / anthrahydroquinone redox couple with the pH of the electrolyte solution in the pH range 1-10 is shown in Fig. 4. The formal potential of electrografted 10-AQ is sensitive to pH variation with a slope of -64 mV per pH unit which is consistent with quinone-like redox systems where two electrons for two protons are exchanged [27,28,32] and with reports on other AQ-modified electrodes [33]. Thus, if the redox potential of the 10-AQ-modified electrode is compatible (i.e. different enough) with that of the biofilm and if the biofilm coverage does not conceal or destroy the pH-dependent electroactivity of the grafted AQ, this modified electrode would then be an ideal candidate to monitor the pH of the biofilm-anode interface in MFC studies. 

Biofilm formation onto AQ-functionalized electrodes

Biofilm formation on the surface of bare and 10-AQ modified graphite electrode is depicted in Fig. 5. In Fig. 5A an anodic biofilm showing an asymmetric redox system with E 0' = -0.2 V vs. Ag/AgCl (3 M KCl) was obtained. The microbial and electrochemical features shown by this biofilm resembles those already described for Enterococcus spp. This genus includes enteric and human pathogenic Gram-positive bacteria that are gaining momentum as model weak electricigen [34][35][36]. Considering that the bacterial inoculum used in this study is mainly municipal wastewater, the prevalence of such bacteria is likely. Moreover, the lack of bacterial redox signals at potentials more cathodic than -0.3 V, which is the case of the present biofilm, is ideal to study the putative interfacial pH changes using grafted AQ as a probe since at a physiological pH, ranging from 5 to 7, its formal potential is set between -0.5 V up to -0.65 V vs. Ag/AgCl (3 M KCl). Thus, the large potential separation between the electroactivity of the biofilm and the 10-AQ redox peaks is suitable to monitor pH changes upon biofilm formation on the surface of the electrode. This situation is well illustrated in Fig. 5B where the biofilm formation on the surface of 10-AQ modified electrode was monitored for the first 3 days. On day 1, only the 10-AQ redox couple (E 0' = -0.65 V) is observed (black CV). However, after 24 hours, a clear redox couple at E 0' = -0.2 V was observed alongside with 10-AQ probe (Fig. 5B, red CV) which suffers a decrease on the faradic current. By day 3, the 10-AQ is almost undetectable (Fig. 5B, green CV). Since the main goal is to follow the interfacial pH change during biofilm formation on surface of electrodes in operating MFC, a 3-day life span for the detection of the pH redox probe is not sufficient. To overcome this situation, optimization tests were performed using different 1-AAQ deposition conditions that ranged from 20 to 80 cycles of electrografting by CV (Figure S4 A). According to our study, 40 cycles of 1-AAQ deposition are the minimum electrografting condition required to obtain the maximum AQ faradic current on the surface of the electrode.

However, this modified electrode leads to impairment of biofilm formation on the surface of the electrode (Figure S4 B). This is due to the total coverage of the electrode surface by the AQ molecules which leaves no available surface for the direct contact between the biofilm and the surface of the electrode. Notwithstanding, electrografting by 20 cycles in 1-AAQ solution (20-AQ) after 75 min sonication i.e. 6 ± 1 × 10 -9 mol.cm -2 , proved to show a good compromise for electrochemical responses with those of both 20-AQ and the biofilm perfectly detectable after 21 days incubation in the anolyte, Fig. 6. With this new modified electrode (20-AQ), it was possible to follow and calculate the pH changes at the biofilm-electrode interface during bacterial growth (Table 1). Namely, the E°' of the redox probe was first calculated as the half-sum of the anodic and cathodic peak potentials of the reversible response of the grafted AQ redox probe. Then, the interfacial pH was determined using the linear regression of the variation of the formal potentials of 10-AQ modified electrode with the pH (Fig. 4). 

Table 1

Evolution of the formal potential of the grafted anthraquinone on the 20-AQ-modified electrode (V vs. Ag/AgCl), anolyte pH and calculated biofilm interfacial pH measured over three weeks. The change of the biofilm-electrode interfacial pH during biofilm development is monitored by the potential of the grafted anthraquinone that shifts from E 0' = -0.56 ± 0.01 V at day 1 to -0.51 ± 0.01 V at day 21 and which corresponds to an interfacial pH change from 6.40 to 5.30 ± 0.15 respectively (Table 1). Weekly additions of 10 mM glucose led to continuous growth of the biofilm and therefore to the continuous acidification at the biofilm-electrode interface. This is a result of the net increase of protons release in the extracellular medium during the catabolism and biocatalysis of glucose oxidation by the biofilm, Equation (1).

( The calculated interfacial pH revealed a continuous acidification from neutrality down to 5.30 over three weeks (Table 1) while the anolyte only acidified down to pH 6.2 over this period.

Our results are in agreement with previous studies where the variation of interfacial pH in G.

sulfurreducens biofilms were measured, showing also a 1 pH unit variation between the anolyte and the vicinity of the electrode surface (bacteria-electrode interface) [13,37]. Unlike the latter studies, here a direct modification of the surface of the electrode with a pH sensitive probe was achieved, allowing to measure the interfacial pH variation throughout the area of the electrode. Furthermore, surface modification of electrodes can also play a pivotal role on eliciting bacterial adhesion and therefore fast biofilm formation, current production and power outputs on MFC [38,39]. In this study however, the 20-AQ modified electrode has no influence on the biofilm formation and growth since it maintains the same growing pattern observed on non-modified electrodes (Fig. 5A). Moreover, the biofilm kept growing and experienced an increase in both faradic and capacitive current over 37 days, Fig. S5. This result demonstrates that the grafted pH sensor was no impairment in biofilm formation, being thus fully biocompatible.

Overall, our results demonstrate the suitability of using grafted pH sensitive molecules like AQ-based moieties as interfacial pH probes during biofilm formation on MFC electrodes. The specific pH redox probe used here however, is not applicable for biofilms with E 0' falling between -0.4 V and -0.6 V vs. Ag/AgCl (3 M KCl), i.e., in the same potential window of the AQ redox response. This is the case of biofilms formed by representative Gram-negative and Gram-positive electroactive bacteria like G. sulfurreducens [40] and Thermincola spp [41,42] that display an electroactivity reported to fall between -0.4 V and -0.6 V vs. Ag/AgCl (3 M KCl). Notwithstanding, the AQ pH probe could be suitable to study other microbial biofilms that don't rely on low potential multiheme c-type cytochromes to perform the extracellular electron transfer in MFC and which electroactivity and interfacial electron transfer still remain to be unraveled. Additionally, the redox potential of the grafted pH probe may be tuned through careful selection of the substituents on different aryl amino-quinones used to generate the aryl diazonium salt.

Fig. 1 .

 1 Fig. 1. 1-AAQ electrografting by in-situ cathodic reduction of the aryldiazonium salt. (A) Schematic representation of the reaction mechanism. (B) Cyclic voltammograms (10 cycles) recorded at 50 mV/s in 0.5 M acidic solution containing 1 mM 1-AAQ (black curve) with 3 mM NaNO 2 (blue curve). (C) Cyclic voltammetry curves of bare (black curve) and 10-AQ modified electrode after 3 min sonication (green curve) recorded at 50 mV/s in 0.1 M potassium phosphate buffer solution at pH 7.

Fig. 2 .

 2 Fig. 2. Cyclic voltammetry of bare (black) and 10-AQ modified electrodes after 3 minutes (green) and 75 minutes (blue) of sonication recorded at 50 mV/s in 0.1 M potassium phosphate buffer at pH 7.

Fig. 3 .

 3 Fig. 3. Cyclic voltammetry of 10-AQ-modified electrode after 75 min sonication recorded at 50 mV/s in a 0.1 M potassium phosphate buffer aqueous solution at pH 7.

Fig. 4 .

 4 Fig. 4. Variation of the formal potential of electrografted 10-AQ as a function of the pH of the electrolyte solution obtained from three independent tests. Bars represent the standard deviation calculated from the 3 independent measurements.

Fig. 5 .

 5 Fig. 5. Biofilm formation on bare graphite electrode (A) and 10-AQ modified electrode (B). Cyclic voltammetry recorded at 50 mV/s in anolyte of MFC at pH 7.

Fig. 6 .

 6 Fig. 6. Biofilm formation on 20-AQ-modified electrode. Cyclic voltammograms recorded at 50 mV/s in anolyte of MFC at pH 7.

Time (days) E°' 20-AQ (Volt) Anolyte pH Interfacial pH

  

	0	-0.59	7.00	7.00
	1	-0.56	6.70	6.40
	8	-0.54	6.50	5.80
	14	-0.52	6.30	5.50
	21	-0.51	6.20	5.30

  ) C 6 H 12 O 6 + 6H 2 O → 6CO 2 + 24H + + 24e -
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Conclusions

Carbon substrates metabolism by electroactive biofilms provokes anolyte acidification and local pH changes at the electrode-biofilm interface. These local pH changes were measured using 1-aminoanthraquinone-modified electrodes as immobilized redox active pH probes which allowed to monitor a decrease of the interfacial pH from neutrality down to 5. 
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