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Abstract:



A bioanode for ethanol oxidation was prepared by immobilizing the recombinant pyrroloquinoline quinone (PQQ)-dependent alcohol dehydrogenase from Pseudomonas putida KT 2440 (PpADH) with polyion complex (PIC) and redox polymer. The PIC based on poly-l-lysine (PLL) and poly-l-glutamic acid (PGA) was suitable for immobilizing PpADH on the electrode. PpADH was immobilized using only one redox polymer, aminoferrocene, which was attached to the PGA backbone (PGA-AmFc) on the electrode. The anodic current density at 0.6 V (vs. Ag/AgCl) was 22.6 μA·cm−2. However, when the number of the cycles was increased, the catalytic current drastically decreased. PpADH was immobilized using PGA-AmFc and PIC on the electrode. The anodic current density at 0.5 V (vs. Ag/AgCl) was 47.3 μA·cm−2, and the performance maintained 74% of the initial value after five cycles. This result indicated that the combination of PIC and PGA-AmFc was suitable for the immobilization of PpADH on the electrode. In addition, the long-term stability and catalytic current density were improved by using the large surface area afforded by the gold nanoparticles.
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1. Introduction


Enzymatic biofuel cells that have enzymes on their electrodes initiate the oxidation reactions of various biologically relevant substrates, such as saccharides and alcohols, as well as the reduction reaction of oxygen to convert chemical energy from the biofuels into electrical energy. They can operate at normal temperature and pressure, and under neutral conditions, because of the suitable redox reaction conditions of most enzymes, and these biofuel cells have simple designs consisting of an anode and a cathode. Usually, enzymes containing nicotinamide adenine dinucleotide (NAD), flavin adenine dinucleotide (FAD), and pyrroloquinoline quinone (PQQ) for the anode and multi copper-containing redox proteins for the cathode are used [1,2]. For enzymes containing FAD and PQQ, their prosthetic groups are tightly bound to the active site, and the addition of cofactors in the system is not required. They are widely used in bioelectrochemical devices [3,4,5]. The complete oxidation of a biofuel in an enzymatic biofuel cell resulted in an increased energy density [6]. However, full electrons were not abstracted from the biofuel, because of these enzymes’ broad substrate selectivity. Many kinds of enzymes are required for the complete oxidation of a biofuel. It is desirable to minimize the number of enzymes to achieve efficient oxidation in biofuels [7,8]. Some enzymes containing PQQ can catalyze various substrates because of their broad substrate specificity [9,10]. Previously, we reported a novel recombinant PQQ-dependent alcohol dehydrogenase from Pseudomonas putida KT 2440 (PpADH) expressed with Pichia pastoris [11]. This enzyme can catalyze the two-step oxidation of ethanol to acetic acid. PpADH can be applied for the efficient oxidation of ethanol in an enzymatic biofuel cell.



Some enzymes can be used as electrocatalysts for biofuel cells by inducing direct electron transfer (DET) [12]. When DET is limited by a nonconductive protein shell or sugar chain, redox mediators are usually used to improve the transportation of electrons between the active site and the electrodes [13,14]. The main immobilization approaches for enzymatic biofuel cells are physical adsorption, covalent attachment, and entrapment [15,16]. Physical adsorption involves physical immobilization based on van der Waal’s forces and electrostatic interactions [17]. Covalent attachment is chemical immobilization based on covalent bonding between enzyme surfaces and electrodes [18]. DET is influenced by the orientation of the enzyme and the close contact between the active sites and the electrodes. In many cases, to achieve DET, selected adsorption and covalent attachment are used as approaches for immobilizing enzymes to electrodes. Entrapment is an easy method for immobilizing enzymes and mediators in three-dimensional matrices [19]. Unlike DET systems, since mediated electron transfer systems are necessary for immobilizing both the enzyme and the mediator, such systems provide a good approach for entrapping them onto the electrode surface.



Because it is critical to immobilize both the mediator and the enzyme on the electrode, entrapment is more effective than adsorption or covalent attachment. The main strategies for entrapment involve confining the enzyme and mediator within a polyion complex (PIC) or redox hydrogel. It is known that PICs based on cationic polymers and anionic polymers are some of the most readily available matrices [19]. Enzyme immobilization within a PIC on the electrode is beneficial for avoiding enzyme denaturization [20]. Mizutani et al. succeeded in developing an enzyme that was immobilized in PIC electrodes for lactate-biosensing for the first time [21]. Recently, PIC has been applied not only in biosensors but also in biofuel cells [22,23]. Sakai succeeded in fabricating a biofuel cell with a maximum power density of 1.45 mW·cm−2 by using a PIC [22]. PICs can be applied to various electrode materials, such as carbon felt [24]. Therefore, PICs have a high versatility and are expected to be able to be used for enzyme immobilization.



During immobilization within a redox hydrogel, the enzyme becomes complexed with a redox polymer that is crosslinked on the electrode [25,26]. Heller et al. reported a redox polymer hydrogel to fabricate bioelectrodes [27]. Since then, the redox polymer has been widely applied for constructing bioelectrodes. Cheong et al. succeeded in fabricating an enzymatic biofuel cell with a maximum power density of 2.18 mW·cm−2 by using osmium complexes attached to the polymer [28].



In this study, we demonstrated the immobilization of PpADH on electrodes using a PIC. Aminoferrocene (AmFc) was employed to shuttle electrons between PpADH and the electrode. It was possible to design a simple electrode in which the enzyme and the mediator were immobilized within the electrode using a PIC and redox polymer. Ferrocene derivates attached to the polymer backbone were used as mediators for the bioelectrodes [29]. It was expected that the polymer containing AmFc was able to mediate the transportation of electrons between PpADH and the electrode. We prepared a redox polymer (PGA-AmFc) in which the carboxyl groups of poly-l-glutamic acid (PGA) and the amino groups of AmFc were bonded. We then constructed the electrode with PpADH immobilized within the optimized PIC and PGA-AmFc.




2. Results and Discussion


2.1. Optimization of the Polyion Complex for Immobilizing PpADH on the Electrode


We prepared electrodes with immobilized PpADH using cationic polymers: poly(diallyldimethylammonium chloride) (PDDA), poly-l-lysine (PLL), and poly(allylamine) (PAAm) and anionic polymers; poly(sodium 4-styrenene sulfonate) (PSS), PGA, and polyacrylic acid (PAA) (Figure 1).


Figure 1. Schematic representation of the cationic polymers and anionic polymers used: poly-l-lysine hydrobromide (a), poly(diallyldimethylammonium chloride) (b), poly(allylamine hydrochloride) (c), poly(sodium 4-styrenesulfonate) (d), poly-l-glutamic acid sodium (e), and poly(acrylic acid) (f).
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Nine types of PIC-modified electrodes were prepared; one of the cationic polymers, one of the anionic polymers and a PpADH solution were dropped onto a pretreated glassy carbon electrode. After drying for at least one hour at room temperature, the PIC-modified electrodes with PpADH were obtained, as schematically illustrated in Figure 2a. Figure 2b presents the cyclic voltammograms of the PpADH immobilized on the electrode with PLL and PGA in the absence and presence of ethanol containing AmFc.


Figure 2. (a) Schematic illustration of PpADH-modified glassy carbon electrode with the polyion complex. (b) Cyclic voltammograms of the PpADH-modified glassy carbon electrode in 50 mM CHES (pH = 9.0) containing 30 mM ethylamine and 0.1 mM AmFc without a substrate (dotted line) and with 100 mM ethanol (solid line). The voltammograms were obtained at a scan rate of 10 mV·s−1.
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The cyclic voltammogram of AmFc exhibited a reversible response without ethanol. The midpoint potential of AmFc was estimated to be −0.08 V (vs. Ag/AgCl, at pH = 9.0). The catalytic current of the ethanol oxidation of PpADH was observed in this system (Figure 2b). The result indicated that the AmFc mediated the bioelectrocatalysis of the ethanol oxidation, and was similar to a previously reported voltammogram of a PpADH and AmFc diffusion system [11]. While the current density of a PpADH and AmFc diffusion system at 0.2 V (vs. Ag/AgCl, at pH = 9.0) was 18.8 μA·cm−2 [11], the current density of the PpADH immobilized on the electrode with PLL and PGA at 0.2 V (vs. Ag/AgCl, at pH = 9.0) was 43.1 μA·cm−2. The result indicated that more of the reduced AmFc was generated on the electrode surface compared with the PpADH diffusion system.



Figure 3 shows the current densities of the electrodes at 0.3 V (vs. Ag/AgCl, at pH = 9.0). The catalytic current density on the PLL/PpADH/PGA electrode was 43.2 μA·cm−2 at 0.3 V (vs. Ag/AgCl, at pH = 9.0), which was the highest of all the electrodes. In contrast, the catalytic current densities on the PDDA/PpADH/anionic polymer, PAAm/PpADH/anionic polymer, and PLL/PpADH/PSS electrodes were 12~19 μA·cm−2 at 0.3 V (vs. Ag/AgCl, at pH = 9.0). The catalytic current density on the PLL/PpADH/PAAm electrodes was 3.9 μA·cm−2 at 0.3 V (vs. Ag/AgCl at pH = 9.0), which was the lowest among all electrodes. When the number of cycles was increased, the catalytic currents of all electrodes decreased (Figure S1). This result suggested that PpADH and PIC were removed from the electrodes.


Figure 3. Current densities of the glassy carbon electrodes modified with PpADH and PIC.
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The electrodes were dipped in 50 mM CHES buffer (pH = 9.0) containing 30 mM ethylamine for an hour to remove the enzyme that was not immobilized. Figure 3 shows the current densities of the immersed electrodes at 0.3 V (vs. Ag/AgCl, at pH = 9.0). The catalytic current density on the immersed PLL/PpADH/PGA electrode was 23.6 μA·cm−2 at 0.3 V (vs. Ag/AgCl, at pH = 9.0), and it was the highest among all the immersed electrodes. In contrast, the catalytic current densities on the PDDA/PpADH/anionic polymer, PAAm/PpADH/anionic polymer, and PLL/PpADH/PSS electrode were 5 μA·cm−2 or less at 0.3 V (vs. Ag/AgCl, at pH = 9.0). These results indicate that the combination of PLL and PGA enhanced the immobilization of PpADH on the electrode and suggest that the reduction of the current density was largely due to enzyme desorption from the electrode.




2.2. Preparation of the Aminoferrocene-Attached Poly-l-glutamic Acid


To design biofuel cells more efficiently, we had to properly immobilize enzymes and mediators on the electrodes to improve electron communication between the enzymes and electrodes. The approach for immobilizing the enzyme and mediator was to entrap biocatalysts in the redox polymer. We prepared the redox polymer, PGA-AmFc, for PpADH. The carboxyl group of PGA was covalently linked to the free amine group of AmFc by an amide bond. After the reaction, unreacted AmFc was removed by ultrafiltration. Figure 4 shows the UV-visible spectrum of the PGA-AmFc.


Figure 4. Absorption spectra of the AmFc (black) and PGA-AmFc (red) in deionized water.
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The 260~280 nm bands of PGA-AmFc were attributed to the adsorption of peptide bonds in PGA. It is known that the UV-visible spectrum of ferrocene changes when the functional groups conjugate with ferrocene rings [30,31]. This is reasonable, since the 440 nm and 326 nm bands of ferrocene were attributed to metal-ring charge transfer, and it appears that the shifted transitions (412 nm and 344 nm bands) in AmFc were of the same type. These results suggest that the shifted transitions (407 nm and 348 nm bands) in PGA-AmFc were caused by metal-ring charge transfer.



Figure 5 shows cyclic voltammograms of PGA-AmFc. The cyclic voltammogram of PGA-AmFc exhibited reversible responses. The midpoint potential of PGA-AmFc was estimated to be 0.25 V (vs. Ag/AgCl, pH = 9.0). Compared to the midpoint potential of AmFc (−0.08 V vs. Ag/AgCl, pH = 9.0), the midpoint potential of PGA-AmFc shifted positively to 0.33 V (vs. Ag/AgCl). The redox potentials of the ferrocene derivatives indicated that the amount of electron withdrawing substituents increased, while the amount of electron donating substituents decreased [32]. This positive shift in the potential suggested that the electron donating effect of the amino groups of AmFc was weakened. These results indicated the attaching of AmFc to poly-l-glutamic acid.


Figure 5. Cyclic voltammograms of the glassy carbon electrode in 50 mM CHES (pH = 9.0) containing 30 mM ethylamine with PGA-AmFc (solid line) and 0.5 mM AmFc (dotted line). The voltammograms were obtained at a scan rate of 10 mV·s−1 and an electrode area of 0.0707 cm2.
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The PpADH immobilized on the electrode with PLL and PGA-AmFc is shown as a schematic illustration in Figure 6a, and the cyclic voltammogram of PpADH immobilized on the electrode with PLL and PGA-AmFc in the presence of ethanol is shown in Figure 6b. The catalytic current of the ethanol oxidation of PpADH was observed. This result indicated the occurrence of PGA-AmFc-mediated bioelectrocatalysis during ethanol oxidation. However, while the catalytic current density on the electrode was 22.6 μA·cm−2 at 0.6 V (vs. Ag/AgCl, pH = 9.0), the catalytic current density during the fifth cycle decreased considerably to 22% (5.1 μA·cm−2) (Figure 6b). When the number of cycles increased, the catalytic current decreased. This result suggested that PpADH and PGA-AmFc were removed from the electrode. The long-term stability of the PpADH-modified electrode using PGA-AmFc and PLL was low.


Figure 6. (a) Schematic illustration of the PpADH-modified glassy carbon electrode with the cationic polymer (PLL) and PGA-AmFc. (b) Cyclic voltammograms of the PpADH, PGA-AmFc and PLL-modified glassy carbon electrode from 1st scan to 5th scan in 50 mM CHES (pH = 9.0) containing 30 mM ethylamine and 100 mM ethanol. The voltammogram was obtained at a scan rate of 10 mV·s−1.
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2.3. Electrochemical Measurements of the PpADH-Modified Electrode Using PIC and PGA-AmFc


The combination of PLL and PGA enhanced the immobilization of PpADH on the electrode. We evaluated a simple electrode in which the enzyme and mediator were immobilized on the electrode with the PIC based on PLL and PGA and PGA-AmFc. PGA-AmFc and PpADH were successively placed on the glassy carbon electrode surfaces. The electrode was allowed to dry for at least one hour at room temperature. After drying, PLL and PGA were successively placed on the electrode. After drying for at least one hour at room temperature, the PpADH-modified electrode was obtained (GCE). The electrode structure of GCE is schematically illustrated in Figure 7a. Figure 7b shows the cyclic voltammogram of GCE.


Figure 7. (a) Schematic illustration of the PpADH-modified GCE with the polyion complex and PGA-AmFc. (b) Cyclic voltammograms of the PpADH, PGA-AmFc, and polyion complex-modified GCE from 1st scan to 5th scan in 50 mM CHES (pH = 9.0) containing 30 mM ethylamine and 100 mM ethanol. The voltammograms were obtained at a scan rate of 10 mV·s−1.
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The catalytic current of the ethanol oxidation of PpADH was observed. This result indicated that PGA-AmFc-mediated bioelectrocatalysis occurred during ethanol oxidation when it was combined with the PIC. The catalytic current density on the electrode was 47.3 μA·cm−2 at 0.5 V (vs. Ag/AgCl, pH = 9.0). The catalytic current density after five cycles slightly decreased to 73% (34.5 μA·cm−2) (Figure 7b). This result indicated that the combination of PIC based on PLL and PGA and PGA-AmFc was suitable for immobilizing PpADH on the electrode. The results suggest that the PIC layer prevented the desorption of PpADH and PGA-AmFc.




2.4. PpADH Modified Nanostructured Electrode Using PIC and PGA-AmFc


When constructing an electrode for an enzymatic biofuel cell, the important factors are the electrode design, such as the immobilized enzymes and mediators on the electrode, and the structure of the electrode interface to improve the performance of the enzymatic biofuel cell [33]. Various nanostructures, such as nanoparticles and nanocomposites, have been used to make bioelectrodes. The large surface area of these nanostructures leads to high enzyme loading, which can improve the power density of enzymatic biofuel cells. Electrodes can have a large effective surface area after adding a concentrated solution of AuNPs to the surface [34]. The Au surface can be chemically modified with thiols. Self-assembled monolayers (SAMs) of thiols are usually used to control the environment of the electrode surface. Here, we made SAM-modified AuNPs electrode surfaces on which PGA-AmFc and PpADH were successively placed. The electrode was allowed to dry for at least one hour at room temperature. After drying, PLL and PGA were successively placed on the electrode. After drying for at least one hour at room temperature, a PpADH-modified electrode was obtained (AuNPsE).



The electrode structure of AuNPsE is schematically illustrated in Figure 8a. The catalytic current of the AuNPs electrode without PGA-AmFc and PpADH was not observed (Figure S2). Figure 8b shows the cyclic voltammogram of AuNPsE. The catalytic current of ethanol oxidation of PpADH was observed. The catalytic current density was 112.3 μA·cm−2 at 0.5 V (vs. Ag/AgCl, pH = 9.0), and it increased by 2.4 times compared with that of GCE. The results could be due to increasing the effective surface area of electrode per unit area. Figure 8c shows the relationship between the number of cycles and the current density in AuNPsE. The catalytic current density during the second cycle was 135 μA·cm−2 at 0.5 V (vs. Ag/AgCl, pH = 9.0). The catalytic current density at the 10th cycle decreased to 84% (113.7 μA·cm−2) of the maximum catalytic density. The long-term stability of AuNPsE was improved compared to that of GCE. The results suggested that the PIC layer and nanostrcture of AuNPs prevented against the desorption of PpADH and PGA-AmFc.


Figure 8. (a) Schematic illustration of the PpADH-modified AuNPsE with the polyion complex and PGA-AmFc. (b) Cyclic voltammograms of the PpADH and PGA-AmFc-modified AuNPsE at 1st scan (black), 2nd scan (blue), and 10th scan (red) in 50 mM CHES (pH = 9.0) containing 30 mM ethylamine and 100 mM ethanol. The voltammograms were obtained at a scan rate of 10 mV·s−1. (c) Catalytic current densities of AuNPsE at 0.5 V vs. Ag/AgCl dependence on cycle number.
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3. Materials and Methods


3.1. Materials


PpADH was heterologously expressed and purified as described previously. Poly-l-lysine hydrobromide (PLL) (molecular weight, 70,000-150,000), Poly(diallyldimethylammonium chloride) (PDDA) (molecular weight, 200,000), Poly(allylamine hydrochloride) (PAAm) (molecular weight, ~17,000), Poly(sodium 4-styrenesulfonate) (PSS) (molecular weight, 70,000), Poly-l-glutamic acid sodium (PGA) (molecular weight, 3000–15,000), Poly(acrylic acid) (PAA) (molecular weight, 25,000) (Sigma-Aldrich Japan G.K. (Tokyo, Japan)), aminoferrocene (AmFc), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), and 3-mercaptopropionic acid (MPA, from Dojindo, Japan) were purchased and used without further purification.




3.2. Preparation of PGA-AmFc


AmFc (1 mg) was dissolved in 1 mL of acetone and added dropwise to 9 mL of 4 mM HEPES (pH 7.0) with 35.5 mg of PGA and EDC (171.5 mg). The solution was mixed for 2 h at room temperature. After the reaction, unreacted AmFc and EDC were removed using ultrafiltration. The total iron content in the PGA-AmFc was determined spectrophotometrically at 440 nm using a calibration curve for AmFc.




3.3. Electrode Preparation


The glassy carbon electrodes (3 mm in diameter) and gold electrodes (1.6 mm in diameter) were polished with alumina (particle size 3 μm:3 M Japan Limited, Tokyo, Japan) and chromium oxide (particle size 0.5 μm:3 M Japan Limited, Tokyo, Japan). This step was followed by ultrasonic cleaning and rinsing with deionized water.



20 μL of 10 mM Tris-HCl buffer solution (pH = 8.0) containing PGA-AmFc, PpADH (1 mg/mL), and 0.5 mM CaCl2 was dropped on the glassy carbon electrode surface. The electrode was allowed to dry for at least one hour at room temperature. After drying, 10 μL of PLL (50 mM in monomer units) and 10 μL of PGA (50 mM in monomer unit) were dropped and mixed on the electrode. After drying for at least one hour at room temperature, the PpADH-modified electrodes were obtained (GCE).



The AuNPs were prepared following a procedure described by Frens [35]. Briefly, 12.5 mL of a 38.8 mM sodium citrate solution (Wako) was added to 125 mL of boiling 1.0 mM HAuCl4 (Wako) with vigorous stirring. After the appearance of a deep red color, boiling and stirring were continued for 20 min. The solution was then allowed to cool to room temperature. The particle diameter of the AuNPs was estimated to be approximately 16 nm from the UV-vis spectrum of the solution.



The AuNP-modified electrodes were prepared following a procedure described by Murata [36]. Briefly, to increase the number of particles per volume, the AuNP solution was centrifuged (10,000× g, 30 min) in 1.5 mL Eppendorf tubes; then, 98% of the remaining supernatant volume was thrown away. Afterwards, 1 μL of the concentrated AuNPs were dropped onto the surface of the pretreated gold electrode, followed by drying in air. To increase the number of particles at the electrode, this procedure was repeated three times. Afterward, they were electrochemically cleaned in a 0.5 M H2SO4 solution using a scanning potential between −0.2 and 1.6 V (vs. Ag/AgCl) until a reproducible CV was obtained. The AuNP-modified electrodes were immersed in a 1 mM aqueous solution of MPA and left overnight at room temperature. The resulting electrodes were thoroughly rinsed with water to remove physically adsorbed thiol molecules.



5.6 μL of 10 mM Tris-HCl buffer solution (pH = 8.0) containing PGA-AmFc, PpADH (1 mg/mL), and 0.5 mM CaCl2 was dropped on the AuNPs electrode surface. The electrode was allowed to dry for at least one hour at room temperature. After drying, 2.8 μL of PLL (50 mM in monomer units) and 2.8 μL of PGA (50 mM in monomer unit) were dropped and mixed on the electrode. After drying for at least one hour at room temperature, the PpADH-modified electrodes were obtained (AuNPsE).




3.4. Electrochemical Measurements


All electrochemical measurements were conducted using an ALS electrochemical analyzer 612 (BAS Inc., Tokyo, Japan). A conventional three-electrode cell was used, in which a platinum wire served as the counter electrode, and Ag/AgCl (3 M NaCl) served as the reference electrode. All redox potentials in this report are relative to the Ag/AgCl (3 M NaCl) electrode. Cyclic voltammetry was performed in 50 mM CHES buffer (pH = 9.0) containing 30 mM ethylamine and 100 mM ethanol at room temperature. The alcohol oxidation activity of PpADH was activated by amines as an activator in vitro assays with artificial electron acceptors [37]. The pH of the solution was close to the optimal pH for PpADH [11]. For all measurements, the scan rate and range were set to 10 mV·s−1.





4. Conclusions


The immobilization of PpADH on electrodes with PIC was optimized. PIC based on PLL and PGA was appropriate for PpADH. We fabricated AmFc modified redox polymer, which acted as a redox mediator to shuttle electrons between PpADH and the electrode. The use of PIC in combination of the redox polymer enables immobilization of PpADH on the electrode and its efficient electron communication between enzyme and electrode. The AuNPs electrode fabricated PpADH with PIC and the redox polymer were shown to improve the catalytic current and long-term stability.
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The following are available online at www.mdpi.com/2073-4344/7/10/296/s1. Figure S1: Stability of the PpADH modified electrodes, and Figure S2: Cyclic voltammograms of the PGA and PLL modified AuNPs electrode.
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