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Abstract

:

In recent years, clean energy technologies that meet ever-increasing energy demands without the risk of environmental contamination has been a major interest. One approach is the utilization of plant leaves, which release redox-active NADPH as a result of photosynthesis, to generate photocurrent. In this work, we show for the first time that photocurrent can be harvested directly from the fruit of a cherry tree when associated with a bio-electrochemical cell. Furthermore, we apply electrochemical and spectroscopic methods to show that NADH in the fruit plays a major role in electric current production.
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1. Introduction


Concerns about climate change and the increasing global energy demand have urged scientists to invent creative clean energy technologies to replace the traditional use of fossil fuels. One approach is the utilization of live bacterial cells as electron donors in microbial fuel cells (MFCs) [1]. Direct electron transfer between bacteria and the anode may occur through conductive proteins such as metal respiratory complexes [2,3] or pili [4,5,6,7]. Among the bacterial species that exhibit high direct exoelectrogenic activity are Shewanella oneidensis [5] and Geobacter sulfurreducens [8]. Electron transfer can also be mediated by cellular release and diffusion to the anode of low-molecular weight metabolites such as quinones and phenazines. Solar illumination [9] and/or addition of artificial electron mediators such as cysteine, neutral red, thionine, sulfides, ferric chelated complexes, quinones, phenazines, and humic acids [10,11,12,13,14,15] have been used to enhance current generation. Current production in bioelectrochemical cells (BECs) may also be catalyzed by activity of enzymatic cascade assemblies on carbon matrices [16,17,18,19]. An advancement of MFCs is the bio-photo electrochemical cells (BPECs) that use photosynthetic organisms to generate photocurrent. Most reports on BPECs to date have studied microorganisms such as cyanobacteria [20,21,22,23] and microalgae [24,25]. A unique BPEC configuration that enhances photocurrent production uses a biofilm, in which cells are arranged at a higher density on the electrode surface than within a suspension [25]. This approach has been successfully implemented in non-photosynthetic MFCs [5,26,27]. Recent studies showed that BPECs are not limited to photosynthetic microorganisms and can be expanded to macroalgae [28] and terrestrial plants [29,30,31,32] Photocurrent production from these plants is about 1000 times greater than reported for microorganisms [33]. Plants’ roots secrete reducing molecules [34,35] that can also be utilized for electrical current production in BECs [36]. Rather than direct electricity production, organic exudate from plant roots feeds bacteria in soil MFCs [37]. Recently, the variety of species that can be used in BECs was broadened to include marine animals, whereby Nematostella vectensis and Artemia salina were applied as an electron source [38].



An efficient electroanalytical system that is extensively used in recent years to study these systems is screen-printed electrodes (SPEs) [39,40]. SPEs have several advantages over traditional bulk electrochemical systems. The analyte volume required for each measurement (50–100 µL) is ~3 orders of magnitude smaller than traditional systems. This is advantagous for studying expensive or limited quantities of analyte. The distance between electrodes, which is known to influence electrochemical measurement, is also fixed with an SPE. Furthmore, the advantage of disposable SPEs can avoid persistent issues with electrode fouling.



For most organisms studied thus far, the major redox species that engage in electron transfer between the cell and the anode are NADH and NADPH, which are products of glycolysis [22] and photosynthesis [33], respectively. These moleules can be released from cells upon association with the anode [21]. Yet, the identity of all major redox contributors for different organisms is still elusive. When probing the complex internal electrolyte solution of a bulk organism, such as the inside of a succulent leaf [32] or yeast extract [16,17,41], constituent reducing molecules can be applied as electron donors in BECs to produce current and photocurrent. Similarly, the internal environment of plant by-products such as fruit may pose an interesting route for harvesting electricity due to their abundance of redox-active pigments and vitamins [42]. In this work, we broaden the classes of organisms that can be used in BPECs showing for the first time that photocurrent can be harvested directly from a cherry fruit.




2. Materials and Methods


2.1. Materials


NaCl was purchased from Merck. Commercially available ripe and overripe bing cherries (Prunus avium) were purchased from Smart and Final store (Goleta, CA, USA), and pre-rinsed with DI water. Unless otherwise stated, fresh cherry juice was collected by crushing 3–5 cherries with a mortar and pestle for 60 s, and the supernatant as collected for measurement.




2.2. Fluorescence Measurements


Fluorescence measurements were conducted using a Cary Eclipse fluorimeter (Varian) with excitation and emission slit bands of 5 nm, applying a voltage of 700 V on the photomultiplier detector.




2.3. Electrochemical Apparatus


All electrochemical measurements were performed using Palmsens4 potentiostat with SPEs (BASi), with a graphite-working electrode (1 mm in diameter), graphite counter electrode, and silver coated with a silver chloride reference electrode. In the case of a direct measurements from the cherry under illumination, the SPE was inserted into the center of the cherry 2 mm below it top. Illumination of the cherry was conducted from the top using a white LED. For experiments utilizing cherry juice, a solution of 50 μm was added to fully submerge the electrodes. Illumination of the cherry was conducted from the top using a white LED. The light intensity was measured using a “Lux” app light meter, placing it at the same height of the electrode. The top of the cherry (5 mm) that was above the SPE in the chronoamperometry measurement was cut using a blade and placed on top of the light meter for measurement.




2.4. Chronoamperometry


Chronoamperometry measurements inside the cherry were conducted by applying an electrical potential of 0.9 V on the working electrode (the anode).




2.5. Cyclic Voltammetry


Cyclic voltammetry of cherry juice was measured in the range from 0 to 1.2 V, and a scan rate of 0.1 V/s.




2.6. Electrochemical Impedance Spectroscopy (EIS)


EIS of filtered cherry juice (0.45 μm PES syringe filter) was conducted by applying an AC potential of 0.01 V, a DC potential of 0.055 V, minimal frequency of 0.01 Hz, and a maximal frequency of 10,000 Hz.





3. Results and Discussion


3.1. Identification of Redox-Active Molecules in a Cherry


Previous studies of succulent-based BPECs [33] reported the advantage of using leaf structures enclosed by a protective cuticle; this cuticle acts as an envelope for a BEC, whereby its inner electrolyte gel consists of reducing molecules. We wished to study the redox activity of the inner content of a cherry. A cherry was homogenized and 50 µL of its inner juice was placed on an SPE, with a graphite-working electrode (1 mm in diameter), graphite counter electrode, and silver coated with a silver chloride reference electrode (Figure 1a). The cyclic voltammetry (CV) of the juice was measured (0–1.2 V, scan rate = 0.1 V/s). A solution of 0.1 M NaCl that should not show any redox peaks in the CV measurements was applied as a control (Figure 1b). A positive peak with a maximum of around 0.8 V was obtained for the cherry juice only, corresponding to the voltametric fingerprint of NADH [43], ascorbic acid [44] and/or anthocyanins [45]. We note that NADH was previously reported to be a major electron mediator in BECs using various organisms [21,28,38].




3.2. Analysis of the Internal Electrolyte in Ripe and Overripe Cherries


The composition of the internal juice electrolyte of fruits, along with their moisture content [42], is known to change with aging. Among these changes are the levels of anthocyanin pigments and ascorbic acid [46]. Based on observation of a voltametric fingerprint from CV that overlaps with signals for anthocyanins and/or NADH, we evaluated their relative current intensities at different stages of aging (Figure 2a). Absorption spectra of the internal juice of ripe and overripe cherries were evaluated for relative differences in anthocyanin concentration at 550 nm. We observe higher anthocyanins levels with overripe cherries (Figure 2b), which agrees with the darker overall coloration. The measured pH values of juices of the ripe and overripe were 3.73 and 3.86, respectively. To explore the presence of NADH in each juice, fluorescence was measured (λExcitation = 340 nm, λEmission = 400–600 nm). Spectra revealed an emission peak around 450 nm that correspond to NADH [21] (Figure 2d). These results agree with the absorption (Figure 2a) and CV (Figure 1b) measurements, supporting the hypothesis that NADH plays a major role in current generation. To further differentiate between the maturation stages in cherries, without the impact of variable solid and moisture content, electrochemical impedance spectroscopy (EIS) of the filtered juice was measured. Higher impendence values at low frequency, corresponding to decreased water content [47], were observed for overripe cherry juice (Figure 2c,d). Nyquist plots reveal a significant shift in both the real (−Z″) and imaginary (Z’) impedance data for overripe cherries, which agrees with previous studies on orange fruit maturation [47]. Based on absorption, EIS, and fluorescence measurements, we suggest that cherries at different levels of maturation will produce altered electricity production in a BEC as a result of different moisture content and concentration of redox-active molecules.




3.3. Direct Photocurrent Production from a Cherry


Based on detection of NADH and other known redox-active molecules such as anthocyanins [46] and ascorbic acid [48,49], we explored whether electrical and photoelectrical current can be harvested from an intact cherry. To do that, an SPE was inserted directly into the center of a cherry (horizontally 5 mm below its top). Illumination was conducted from the top of the cherry by a white LED (Figure 3a). To quantify the light intensity at the electrode surface, a simultaneous experiment was conducted in which the top portion of the cherry (directly above the SPE) was sectioned and placed over a light meter. Illumination intensity was measured as 1000 W/m2. As a control experiment, a drop of aqueous NaCl (0.1 M) was placed below the top cut of the cherry with a transparent thin nylon sheet between the NaCl solution and cherry flesh to prevent mixing of solutions. Chronoamperometry (CA) measurements were conducted in dark/light intervals of 100 s. Results showed a relative current density of ~0.8 µA/cm2 for the NaCl solution independent of light illumination. We suspect that this current originates from the oxygen evolution reaction at 0.9 V. CA of the cherry, which showed a dark current density of ~1.7 µA/cm2 that was enhanced by ~0.3 µA/cm2 in light. Furthermore, the overall trend of current density increased gradually over a period of 1200 s (Figure 3b,c). Under continuous illumination for 1 h, the ripe and overripe cherries produce photocurrents of 2.2 and 2.6 µA/cm2, respectively. (Figure S1) These data suggest a favorable increase in electricity production, and therefore practical use, for fruit flesh that approaches what consumers traditionally consider expired and worthy of discarding. Simultaneous thermocouple measurements of the flesh and SPE show constant temperature readings of 17.5 °C, confirming the absence of thermal effects on the BEC. These current densities are higher than previously obtained from intact non-photosynthetic bacteria, similar to photosynthetic microorganisms, and lower than plant leaves and seaweeds (Table S1). We suggest that the dark current originates mostly from NADH in the cherry while the light-dependent current derives from ascorbic acid, whose levels in cherries are enhanced in the presence of light [49]. Thus, the overall trend in increased photocurrent may be coupled with light-activated ascorbic acid production at a higher rate than its oxidation rate at the anode. We note that overripe cherries outperform ripe cherries in both transient (Figure 3) and continuous (Figure S1) illumination experiments, indicating enhanced performance due to higher redox-active flavonoid levels (e.g., anthocyanins). We note that light-mediated energy transfer (e.g., FRET) from these chromophores may further enhance performance [50].




3.4. Proposed Mechanism for Electrical Current and Photocurrent Production


Based on this proof-of-concept study and previous supporting studies [46,48,49], we suggest possible mechanisms for our observed electrical and photoelectrical current generation (Figure 4). NADH, which exists in the internal solution of the cherry, can donate electrons at the anode. Another electron donor is ascorbic acid, whose concentration is elevated upon illumination enhancing photocurrent production. Electron donation at the anode may also originate from anthocyanins, which exists as a native antioxidant that increases in concentration with cherry maturation. As a pigment, we also suggest a possible role in conducting Förster energy transfer (FRET) to the anode.





4. Conclusions


In this work, we showed for the first time that cherries can be used for direct photocurrent production in a BEC. Based on spectrophotometric and electrochemical measurements, we identified likely electron donors that play a role in this current production as NADH, anthocyanins, and ascorbic acid. We identified separate routes of current generation that rely on constituent metabolites and photo-illumination. Future studies aimed at identification and quantification of the primary redox contributors for electricity production will be performed as a function of fruit maturation.



The idea of BECs was invented more than 100 years ago by Potter et al. [51], who established the concept of making bio-electricity from bacteria. Since then, most studies of live-based BECs have focused on microorganisms and their improvements. Demonstrating that fruit can become an electron source instead of bacteria may open an entire new field of research. Without the need to maintain living organisms and their microenvironments in a BEC, utilization of fruit may pose a simple and large-scale use for agricultural surplus products. This field could explore the benefits of making electricity from different fruits and improving their output with adding electron mediators, altered environmental conditions, and genetic engineering.
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Figure 1. Identification of redox-active molecules in a cherry. A cherry was homogenized and 50 µL of its internal solution was placed on a SPE. CV of the solution and 0.1 M NaCl (as a control) was measured (0–1.2 V, scan rate = 0.1 V/s). (a) Schematic description of the system consisted of SPE with graphite-working and counter electrodes (WE and CE respectively), and Ag coated with an AgCl Reference electrode (RE). A drop of collected cherry juice was placed on top of the electrodes. (b) CV of 0.1 M NaCl (black) and cherry juice (red). 
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Figure 2. Analysis of the internal electrolyte in ripe, and overripe red cherries. Absorption, EIS, and fluorescence measurements were conducted for the internal solution of ripe and overripe cherries. (a) Photograph of ripe (left) and overripe (right) cherries. (b) Absorption spectra of the ripe and overripe cherries’ juices. (c,d) EIS of ripe and overripe cherry (e) Fluorescence spectra of ripe and overripe cherry juice (λExcitation = 350 nm, λEmission = 400–600 nm). 
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Figure 3. Direct photocurrent production from a Cherry. CA of a cherry and 0.1 M NaCl solution (control) was measured in dark/light intervals of 100 s applying a potential of 0.9 V on the anode. (a) Photograph of the experimental setup. An SPE was inserted into the center of the cherry (5 mm below its top). Illumination was conducted from the top using a white LED. Intensity at the SPE surface below the cherry was 1000 W/m2. The SPE was inserted into a connector for the potentiostat. Yellow labels with arrows indicate each system elements. (b) CA of 0.1 M NaCl (black), ripe (red) and overripe (wine) cherry under dark/light intervals of 100 s. Gray and yellow rectangular shapes represent the dark and light during the measurement, respectively. (c) Maximal current density of NaCl (gray), ripe cherry (red), and overripe (wine). Error bars represent the standard deviation over three independent repetitions. 
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Figure 4. Suggesting a mechanism for the electrical current and photocurrent production. NADH that exists in the cherry can be oxidized at the anode to produce current. The current formation may also originate from ascorbic acid whose formation is induced by light illumination. Another electron donor may be the pigment anthocyanins, which may also conduct Förster energy transfer in light. The light bulb icon and lightning shapes represent the illumination. The round arrows marked with e’ represent the electron transfer between the electron donors and the anode. The dashed arrow represents the elevation of ascorbic acid levels that occur in the light. The solid arrow represents the Förster energy transfer from anthocyanins to the anode. 
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