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Abstract

:

Microbial electrochemical technologies (METs) have a number of potential technological applications. In this work, we report the use of screen-printed electrodes (SPEs) as a tool to analyze the microbial electroactivity by using Geobacter sulfurreducens as a model microorganism. We took advantage of the small volume required for the assays (75 μL) and the disposable nature of the manufactured strips to explore short-term responses of microbial extracellular electron transfer to conductive materials under different scenarios. The system proved to be robust for identifying the bioelectrochemical response, while avoiding complex electrochemical setups, not available in standard biotechnology laboratories. We successfully validated the system for characterizing the response of Geobacter sulfurreducens in different physiological states (exponential phase, stationary phase, and steady state under continuous culture conditions) revealing different electron transfer responses. Moreover, a combination of SPE and G. sulfurreducens resulted to be a promising biosensor for quantifying the levels of acetate, as well as for performing studies in real wastewater. In addition, the potential of the technology for identifying electroactive consortia was tested, as an example, with a mixed population with nitrate-reducing capacity. We therefore present SPEs as a novel low-cost platform for assessing microbial electrochemical activity at the microscale level.
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1. Introduction


Since the discovery in the last decade of electrode-respiring microbes, such as Geobacter sulfurreducens and some species of Shewanella [1,2], there has been an increasing interest in their potential applications for designing several types of microbial electrochemical technologies (METs), like electricity production from wastewater in microbial fuel cells (MFC), bioremediation in microbial electroremediating cells (MERCs) [3], electrosynthesis, or biosensing [4]. Many attempts to optimize METs have been focused on reactor design and operational aspects [5,6]. Different electrochemical approaches, such as chronoamperometric assays, cyclic voltammetry (CV), sometimes coupled to spectroscopic techniques as infrared (IR) or Raman [7,8,9], have been applied for the study of this fascinating phenomenon. All of these have helped to investigate and analyze electroactive microorganisms and learn valuable information about how microbial physiology at different hierarchical levels affects the capability of electron transfer to solid electrodes at the whole biofilm, single cell and sub-cell (molecular) level [10,11,12].



Nevertheless, much remains unknown regarding the electrochemical properties of electroactive bacteria and their interaction with electrodes. This is partially due to difficulties in monitoring METs or the requirement of rather complex experimental setups for growing bacteria in electrochemical environments with limited access to microbial tools [13,14].



Although considerable efforts have been made to scale up METs for industrial applications, there is also a great interest in miniaturizing bioelectrochemical devices for research purposes where large current production is not the main goal. Those devices are typically designed to work under fixed potential conditions with a three-electrode setup. Some examples include flow cells, microfluidic devices or micro-sized microbial fuel cell [15,16,17].



Screen-printing is an established technique to fabricate electrochemical devices. A standard screen-printed electrode (SPE) comprises a variable number of electrodes and all the compounds necessary for completed the electric circuit placed over a supporting material [18]. Moreover, for carbon SPEs, the inks employed are based on graphite and have very similar properties to conventional electrodes, such as low background signal and a wide range of working potentials. With inherent advantages including miniaturization, versatility, low cost and the possibility of mass production. SPEs have been proved to be disposable, yet highly accurate and rapid devices [19], with a promising future as a tool for bioelectrochemical systems. SPE can be also combined with functionalization (through electrochemical techniques) of biomolecules [20] or bacteria [21]. Moreover, they require small volumes of the analyte (microlitres), they are suitable for off-the-bench assays and they are marketed by several companies. All these benefits make SPEs a natural choice that can serve as biosensors, as well as for a fast screening of the physiology and/or metabolism of electroactive microorganisms, among other potential applications, in kinds of assays that performed with conventional electrochemical devices involve more time and complexity [22,23,24].



Considering that G. sulfurreducens is a well-accepted model system in METs, it could be the ideal candidate for exploring its activity and its potential applications on SPEs, for which, to our knowledge, there is no precedent using Geobacter species. There is indeed one interesting study where SPEs are tested with Shewanella sp. [25], but Shewanella species are reported to release electron shuttles as the primary mechanism to make extracellular electrons [26,27], in contrast to Geobacter species that perform direct extracellular electron transfer (DEET) [28].



Herein, we report the use of SPEs as a tool to analyze the electrochemical behavior of Geobacter species and mixed cultures, under several physiological conditions. Our analysis was performed with planktonic cells in 75 µL drop-assays, at short term, using working electrodes made from SPEs either as electron acceptor and electron donor. SPEs provide us with the possibility to develop quick drop-assays and rapidly assess the electrochemical properties of a bacterial culture, avoiding complicated experimental setups. We, therefore, present SPEs as a novel, low-cost platform for studying microbial electrochemical activity at the microscale level.




2. Results and Discussion


2.1. Screen-Printed Electrodes (SPEs): Testing Electroactivity in Geobacter


It is well known that the central metabolism of Geobacter can fully oxidized acetate to CO2 by coupling it with the extracellular electron transfer to electrodes of different nature [1,9,29]. The purpose of this work was to test if SPEs could be suitable tools for assaying such a reaction. With the aim of standardize our methodology, a preliminary study was performed by increasing thecell concentration of G. sulfurreducens and measuring the current production using carbon SPEs. Due to electrode sensitivity, we were able to detect changes in the current values by varying the amount of cells in contact with the electrode. We concluded that a cell suspension of bacteria with a value of 2 units of optical density (1.6 × 109 cells/mL) can generate a current value in the mid-linear phase of the response (Figure 1B).



The electrogenic response of Geobacter sulfurreducens under electron acceptor limitation has been previously studied by electrochemical and spectroelectrochemical techniques [7,12]. Bacteria were grown in continuous culture with acetate as electron donor and fumarate as sole electron acceptor. Attenuated Total Reflection-Surface Enhanced Infrared Reflection Absorption Spectroscopy (ATR-SEIRAS) and CV, in a classical three-electrode chamber setup, showed that terminal electron acceptor (TEA) limited cells, exhibited a constitutive capacity for extracellular electron transfer (EET) [24]. The capability of cells in fumarate-limiting conditions to respire electrodes was analyzed on disposable miniaturized carbon SPEs, in order to compare the results to those previously obtained with a classical electrochemical cell configuration.
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Figure 1. (A) Scanning electron microscopy (SEM) image of G. sulfurreducens attached to a carbon screen-printed electrode (SPE); (B) steady current production of G. sufurreducens at different cell density; (C) scheme of a SPE; and (D) detail of a lid-tube sealed to the SPE ceramic surface. 
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The fumarate-limited cells response showed that current production from metabolic acetate oxidation is predominant from the very beginning, displaying an electron transfer rate of 32.7 pmol electrons/s per cm2, which indicates the constitutive capacity for electron transfer to the electrode. In contrast, mid-log cells exhibit a lag phase, lower current production and ca. 2-fold lower electron transfer rate (15.6 pmol electrons/s per cm2), when they were tested with a SPE polarized at 0.2 V (Figure 2A). The electrochemical properties of both physiologies were also then tested by CV in SPEs. Once again, fumarate-limited cells presented a well-defined redox process showing the two characteristic redox peaks (Figure 2B), while mid-log cells exhibit a remarkably lower peak current under identical analysis conditions. This result is consistent with previous data that suggest a different bacterial electroactive response for each physiological condition [24].



Moreover, it is possible to use these SPEs for testing the electrochemical response corresponding to the growth phases of G. sulfurreducens, since it will be a key factor in the electrochemical performance. The availability of TEAs in microorganisms entails physiological changes in the cell, specially in those adapted to oligotrophic environments, such as G. sulfurreducens. As previous studies showed, the electron acceptor limitation triggers a metabolic adaptation that includes the overexpression of redox-active proteins, such c-type cytochromes [24]. Following this strategy, electrons generated from acetate metabolism can be stored in a c-type cytochrome network which act as capacitor-like element [30], that would discharge them as soon as a TEA is available. Interestingly, the current generated and the electron transfer rate (30.2 pmol electrons/s per cm2) by cells in stationary phase, was similar to the one found on fumarate-limited cells, suggesting that cells in stationary phase are also well adapted to EET (Figure 2). This behavior could be justified with the proteomic profile, which reveals the increase of several proteins at stationary phase, including cytochromes an oxidoreductase involved in electron transport [31,32]. In contrast, the significant lower electron transfer rate in mid-log phase cells, suggests that they still have not synthesized all the redox players for performing an efficient electron transfer to the electrode, so analyzing the electroactivity of a bacterial culture may help to predict the growth phase of the cells.
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Figure 2. (A) Current production by G. sulfurreducens cells under different growth conditions: chemostat cells under fumarate-limiting conditions (red), early stationary cells (green), midlog cells (blue) and buffer control (black), polarized a 0.2 V; (B) Cyclic voltammetry (CV) of G. sulfurreducens cells under different growth conditions: chemostat cells under fumarate-limiting conditions (red), early stationary cells (green), mid-log cells (blue) and buffer control (black). 
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It is interesting to mention that cells are still able to produce current when adsorbed onto a polarized electrode, even if acetate is not present in the electrolyte solution (Figure 3A).
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Figure 3. (A) Current production (at 0.2 V vs. Ag/AgCl) by G. sulfurreducens under acetate-excess conditions (red), and under acetate-limiting conditions just using intracellular acetate content (black); (B) CV of G. sulfurreducens on a graphene SPE (green) and a carbon SPE (black). 
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This can be explained by the presence of some intracellular acetate that remains as a source of electrons. Using this internal organic fuel, cells are able to produce current for ca. 3 min, after then intracellular acetate is not enough to produce a stable current value, and the current decreased to zero, presumably because the electron donor was fully consumed. From the gathered data, we calculated using the Faraday equation that the intracellular acetate content is about 1.51 × 10−6 pmol per cell. Regarding the acetate oxidation rate, it is worth noting that the remaining stored acetate is consumed ca. 4-fold slower (1 × 10−9 pmol/s per cell) than when it is at high concentration as 20 mM in the extracellular medium (4 × 10−9 pmols/s per cell).



During the last years, G. sulfurreducens’s electroactivity was tested on several materials serving as TEAs, such as graphite, gold, silver and platinum [9,29]. Among all the conductive materials that can be tested nowadays, graphene is for sure one of the most attractive ones. Its single atomic layer of graphite allows it to have higher electric conductivity than conventional carbon materials [33]. Despite the excellent features of graphene, there are few examples of its use in METs [34,35]. The electroactivity in stationary cells of G. sulfurreducens using graphene SPEs was also tested in this work, which resulted in a considerably increase of the signal intensity in contrast to carbon SPEs (Figure 3B). Moreover the redox signal appeared now at more negative values of potential (ca. 0 V) in contrast with the typical value of ca. 0.2 V detected on standard graphite electrodes [7,36]. The shift in the oxidation potential might be related with graphene’s better electric conductivity, which is several orders of magnitude higher than that of carbon [33]. In addition, it is well known that the working electrode material can influence the microbial response at METs. Even using the same material, a mere change in the active surface could lead to different electroactive microorganism behavior [29], so the improved response could be a combination of both electric conductivity and a different bacteria-electrode interaction. Graphene is by far the best up-and-coming material which is being implemented in several fields, so further studies will be required to take advantage of its unique conductive properties.




2.2. Practical Applications


2.2.1. Screening of Metabolic Features from a Microbial Consortium: Screen-Printed Electrodes (SPEs) Acting as Electron Donor


Another desirable property for a microorganism employed in METs, is the ability of using an electrode as electron donor source, conforming a biocathode. In comparison with an abiotic cathode, promoting the redox reaction at the cathode by microorganisms, increases the operational sustainability as well as reduces the cost of construction and operation of METs [37]. This trait could be exploited with the aim of screening predominant metabolic pathways from a mixed culture, by monitoring the electroactive response in the presence of several oxidizing substrates.



As a proof of concept, a consortium well adapted to nitrate reduction obtained from an anaerobic reactor was tested. In contrast, a culture of G. sulfurreducens was used as a negative control for electroactive bacteria unable to reduce nitrate. The current consumption of both types of cells was evaluated in the presence of the selected electron acceptor nitrate (2 mM) after polarizing the SPE-working electrode at −0.5 V.



After a brief conditioning period of 5 min, we observed that the current consumption was 20-fold higher in the microbial consortium assay in comparison with the pure culture of G. sulfurreducens (Figure 4). The results are not unexpected, considering that the consortium was fully adapted to nitrate-reducing conditions, while G. sulfurreducens is very well known for its ability to interchange electrons with electrodes, but not with nitrate as sole electron acceptor [38].



Aside from this example, the use of SPEs appears as an easy and quick method to identify potential microbial cultures showing activity in biocathodes. The microbial metabolism in biocathodes, indeed provides an excellent opportunity to find candidates for produce useful products performing bioelectrosynthesis [39] or for removing unwanted compounds from water like sulfate [40], nitrate [41], uranium [42], chloroaromatic compounds [43], which could be exploited in METs.
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Figure 4. Electricity consumption by a microbial consortium (red) and G. sulfurreducens (blue) and buffer control (black) using nitrate (2 mM) as TEA, polarized at −0.5 V. 
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2.2.2. Bioelectrochemical Sensing of Acetate


Among the METs, there are a few examples of whole-cell biosensors as the electric signal transducer for generating and quantifying soluble organic matter [16,44], or for detecting the presence of a toxic compound like formaldehyde [15]. In contrast to those studies, we combine the use of SPEs with G. sulfurreducens to follow a CV-based strategy and construct a prototype microbial electrochemical sensor for quantifying acetate. Our assays revealed that the microbial current displayed by the CV at a potential of 0 V seems to be proportional to the concentration of acetate (Figure 5). The fact of using voltammograms for extrapolating current produced at 0 V, allows us to take advantage of both electrochemical methods. Amperometry makes it possible to detect down to picoamperes, while performing CV offers a low noise signal on top of verifying the proper electrode-bacteria interaction [45]. Indeed, the current response to acetate concentration at this conditions, exhibited a coefficient of determination (R2) of 0.98 with a detection limit between 20 mM and 1 mM. Similar results were previously obtained by other authors, although they used more sophisticated microfluidic devices [16]. Although further investigation for optimization of the sensor will be required, nevertheless, to our knowledge, this is the first approach to an amperometric acetate biosensor using a pure culture of G. sulfurreducens in combination with a SPE.
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Figure 5. (A) Voltammograms corresponding to SPE-monolayer of G. sulfurreducens exposed to solutions with different acetate concentration; (B) Calibration curve for acetate concentration between 1 mM and 20 mM, calculated from current display at 0 V according to the CV. 
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2.2.3. Effects of a Background of Real Urban Wastewater


In contrast with the fascinating profile of electron acceptors (Fe-oxides, uranium, humic acids, graphite or gold electrode) that Geobacter sulfurreducens can use [46], its ability for oxidizing organic electron donors is very limited. Actually just acetate [1] and lactate [47] can be converted into electrical current by this strain. This apparent limitation can nevertheless be a positive feature because just acetate will be converted into electrical current regardless of the complexity of mixture. This is specially relevant if we consider that acetate is the end-product of the acetogenic phase in the anaerobic wastewater treatments, and its presence is directly related with the formation of biogas in anaerobic digestion [48].



Therefore, as a first approach for future applications, we tested the current production of our microbial-SPE-based in a background sample of real urban wastewater, using acetate as electron donor. According to the electrical current production, there was no substance in the sample of non-buffered wastewater able to significantly compete with the electrode as TEA. Moreover, current production was doubled when the acetate concentration was artificially increased from 5 mM to 10 mM demonstrating that the system was robust enough for performing assays in any kind of medium (Figure 6).





[image: Energies 08 12366 g006 1024] 





Figure 6. Current production of G. sulfurreducens from a real urban wastewater supplemented with 0 (black), 5 (green) and 10 mM acetate (blue). Working electrode was polarized a 0 V (vs. Ag/AgCl). 
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3. Experimental Section


3.1. Bacterial Culture


Geobacter sulfurreducens (strain DSM 12127; ATCC 51573) was grown at 30 °C in freshwater medium containing the following mineral salts (per liter): 2.5 g of NaHCO3, 0.25 of NH4Cl, 0.06 g of NaH2PO4·H2O and 0.1 g of KCl, 0.024 g of C6H5FeO7 (ferric citrate), 10 mL of a vitamins mix and 10 mL of a trace mineral mix [49]. Anaerobic conditions were achieved by flushing the culture media with N2:CO2 (80:20) to remove oxygen and to keep the pH of the bicarbonate buffer at pH = 7. For batch cultures, acetate (20 mM) was supplied as the sole carbon source and electron donor, and fumarate (40 mM) as electron acceptor. Mid-log cells and stationary cells were harvested 40 h and 72 h, respectively, after the inoculation procedure.



Geobacter sulfurreducens was also cultured in continuous mode using a chemostat. This growth method allowed to achieve fumarate-limiting conditions, a situation that led to a better EET, as previously described [24,50].



The nitrate reducing microbial consortium was directly harvested from an anaerobic reactor operating under nitrate reducing conditions.




3.2. Electrochemical Analysis


Bacterial cultures were harvested by centrifugation at 6000 rpm during 10 min. Subsequently, bacterial pellet were resuspended (OD600 = 2) in filtered wastewater or 30 mM phosphate buffer solution (pH = 6.8) containing 30 mM KCl. Then, 75 µL of a Geobacter sulfurreducens cell suspension was added to the SPE and, immediately, the electrochemical assays were performed without any preconditioning period. All electrochemical assays were performed in a screen-printed three electrode configuration using electrodes made of carbon (DRP-110, Dropsens, Asturias, Spain) or graphene (DRP-110GPH, Dropsens). These electrodes consist of a working electrode of carbon ink (surface = 0.12 cm2), a carbon counter electrode and a silver reference electrode; assembled on a ceramic platform (3.4 cm × 1.0 cm × 0.05 cm), connected to a potentiostat and controlled by specific software (Nanoelectra, Madrid, Spain). All potentials were reported versus a Ag/AgCl electrode. For chronoamperommetric assays the current was registered every 0.5 s and two electrode potentials were explored: current producing assays by supplying acetate as electron donor to the cell suspension and fixing the potential at 0.2 V; and current consuming assays, by supplying nitrate as electron acceptor and fixing the potential at −0.5 V. For CV, the potential window was scanned between −0.8 V and 0.8 V at 0.005 V s−1. All experiments were performed under anaerobic conditions by using an anoxic chamber (Coy, Grass Lake, MI, USA) or, alternatively, a sealed cap-tube. The sealed cap-tube was assembled by gluing the upper section of a cut-tube (1.5 mL, Eppendorf, Hamburg, Germany) to the ceramic surface of the SPE. Anoxic conditions inside the tube were achieved by flushing the headspace with N2 (Figure 1).




3.3. Perfomance of the Acetate Biosensor Assay


Early stationary bacterial cultures were harvested by centrifugation at 6000 rpm during 10 min. Then, samples were resuspended (OD600 = 5) in 30 mM phosphate buffer solution (pH = 6.8) containing 30 mM KCl. Subsequently, a drop of 75 µL of the cell suspension was placed on the electrode and cells were fixed by cycling the working electrode between 0.1 V and −0.1 V at 100 mV·s−1 during 100 scans [20]. Then, the electrode was washed with phosphate buffer in order to remove the unattached cells. Finally, a 75 µL drop of acetate solutions (1–20 mM) in phosphate buffer were added, and the electrode was polarized at 0.2 V during 15 min. For each acetate concentration a new SPE was used.




3.4. Scanning Electron Microscopy (SEM)


The microbial attachment of the electrode surface was observed by SEM. Microbial SPEs were fixed by immersion for one hour at room temperature in cacodylate buffer (0.2 M, pH = 7.2) containing 5% glutaraldehyde. The samples were rinsed two times in 0.2 M cacodylate buffer, pH = 7.2 for 10 min, and subsequently dehydrated by a graded ethanol series (25%, 50%, 70%, 90%, 100% and 100%; 10 min each stage). Then, the samples were rinsed two times in acetone for 10 min and immersed in anhydrous acetone at 4 °C overnight. Finally, dehydrated cells were dried in CO2 at the critical point and processed using a scanning electron microscope DSM-950 (Zeiss, Oberkochen, Alemania).





4. Conclusions


The results presented in this work demonstrate that screen-printed disposable electrodes can be used as a novel platform to assess within minutes the electron transfer capacities of electroactive microorganisms in quick drop assays that only require microlitres of culture samples. SPEs have shown to be sensitive to different physiological conditions in Geobacter sulfurreducens and excellent working electrode materials. Furthermore, SPEs could be exploited for fast screening methods to select tailor made biocathodes. SPE were designed for electroanalytical applications, and we have demonstrated that they are ready to accept whole-living cells and explored biosensor development for uses such as acetate detection in wastewater. Finally, we understand this work as a proof of concept for exploring new scenarios to investigate microbial electrochemistry without setting-up large electrochemical devices.
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