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Abstract

:

This work describes the development of an electrochemical biosensor method based on bacterial consortia to determine antioxidant capacity. The bacterial consortium used is a combination of bacteria from the genera Bacillus and Pseudomonas which can produce the enzymes tyrosinase and laccase. The consortium bacteria were immobilized on the surface of the screen-printed carbon electrode (SPCE) to form a biofilm. Biofilms were selected based on the highest current response evaluated electrochemically using cyclic voltammetry analysis techniques. Optimum consortium biofilm conditions were obtained in a phosphate buffer solution of pH 7, and biofilm formation occurred on day 7. This work produces analytical performance with a coefficient of determination (R2) of 0.9924. The limit of detection (LOD) and limit of quantification (LOQ) values are 0.5 µM and 10 µM, respectively. The biosensor showed a stable response until the 10th week. This biosensor was used to measure the antioxidant capacity of five extracts, and the results were confirmed using a standard method, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method. The highest antioxidant capacity is guava extract and the lowest is tempuyung extract. Thus, the development of this biosensor method can be used as an alternative for measuring antioxidant capacity.
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1. Introduction


Consuming fast food, excessive stress, air pollution, and alcoholic beverages can cause oxidative stress in the body, followed by the emergence of degenerative diseases, such as liver, heart cancer, diabetes, and others. For this reason, a healthy lifestyle and environment play an essential role in protecting the body from disease. Minor changes to start a healthy life can be initiated by consuming antioxidant compounds to inhibit free radicals and maintain a balance between the amount of oxidants and pro-oxidants in the body [1]. The antioxidant ability of phenolic compounds depends on the number and arrangement of hydroxyl groups in the ring structure. Polyphenols can be found in flavonoid and phenolic acid compounds sourced from food or drinks, vegetables, fruit, nuts, herbs, spices, and plants. Several plants that contain antioxidants include Orthosiphon stamineus, Curcuma xanthorriza, Sonchus arvensis, Psidium guajava, and Phyllanthus niruri [2,3,4,5]. Several studies have been carried out to detect antioxidant capacities, such as the research conducted by Lilian et al. [6] on medium roast coffee, and the highest antioxidant content was 1.07 mg/g (equivalent to Trolox equivalent antioxidant capacity); apart from that, the research carried out by Zhang et al. [7] on phenolics in pomaces ranged from 137 to 221 mg/g and in juices ranged from 2.75 to 8.88 mg/g.



Generally, the analytical techniques used to measure polyphenol antioxidants are spectrophotometry, fluorescence chromatography, liquid or gas chromatography, and reverse-phase high-performance liquid chromatography with ultraviolet or electrochemical detection [8,9,10,11]. These analytical techniques have disadvantages, such as expensive analysis costs and complex sample preparation [12]. Based on the shortcomings of these analytical techniques, it is necessary to develop new methods as an alternative for measuring antioxidant capacity. One method that can be developed is biosensors. A biosensor is a measurement method using biological components as receptor elements for changes in analytes and transducers to produce signals. Biological components can be enzymes, antibodies, DNA, cells, and microorganisms, peptides, and biopolymers [13,14,15]. This method has advantages, including providing rapid detection, being simple, portable, reasonably valid, miniaturized, and having low analysis costs [16,17]. Antioxidant analysis in biosensors usually uses the enzymes peroxidase [18], tyrosinase [19], and laccase [20]. Using more than one enzyme in the same detection system leads to bi-enzymatic biosensors or multi-enzyme sensors.



Pure enzyme-based electrochemical biosensors are expensive due to the need for enzyme isolation, relatively short shelf life, and low stability. Therefore, bacteria are used as enzyme-producing bioreceptors. The bacteria are immobilized on a screen-printed carbon electrode (SPCE) to form a biofilm. Examples of bacteria that can be used as bioreceptors are from the genera Bacillus and Pseudomonas [21]. The development of a biosensor based on bacteria that produces this enzyme has been carried out by several researchers, such as Wijayanti [22], who reported that a biosensor based on the superoxide dismutase (SOD) enzyme from D. radiodurans obtained high current at the optimum conditions for each electrode, and then Iswantini et al. [23] also used the bacterium D. radiodurans as a bioreceptor, which was immobilized on a zeolite nanocomposite modified electrode.



Montereali et al. [24] developed a bi-enzyme biosensor using the tyrosinase–laccase enzyme immobilized on a ferrocene-modified graphite electrode to detect phenolic compounds in alcoholic beverage samples. However, there are still few studies that use bi-enzymes in measuring the antioxidant capacity of a sample. There are several advantages to using two or more enzymes, including combining several enzymes, which can increase the sensitivity of the biosensor. Multianalyte biosensors can offer the opportunity to conduct rapid and cost-effective analysis with unique samples. Additionally, a reduction in the physical size of the device is desirable; having one electrode with two or more enzymes reduces space and materials used [25], and increasing productivity by eliminating isolation steps allows susceptible multi-enzyme systems for analyte detection [26]. Therefore, this research developed a biosensor based on a consortium of bacteria as a bioreceptor producing tyrosinase and laccase enzymes to detect antioxidant polyphenolic compounds and compare the results with reference methods. The stages of this research include screening for tyrosinase and laccase enzymes, bacterial physiological tests, manufacturing and screening consortium biofilms, optimizing and evaluating the analytical performance of consortium biofilms, and determining antioxidant capacity using biosensors.




2. Materials and Methods


2.1. Materials and Reagens


The equipment used was a Sanyo MIR-162 incubator, Hirayama HVE 50 autoclave, CVB 1300 M laminar air flow, 1000 μL and 10 μL micropipettes (Eppendorf, Hamburg, Germany), TOA DK HM-250 pH meter, 5415C centrifuge, microtubes, SPCE DRPCAC71190 Metrohm connector (DropSens, Asturias, Spain), potentiostat/galvanostat (eDAQ, New Zealand, Australia) with three-electrode system (eDAQ, New Zealand, Australia), screen-printed carbon electrode (Dropsens, Asturias, Spain), a computer equipped with the data processing program Echem v.2.1.0, Design Expert-13 (Minneapolis, MI, USA), and Origin Pro 8.5, (OriginLab, Northampton, MA, USA), scanning electron microscope (SEM) (HITACHI TM3030, Oklahoma, Japan), SmartstatXL ver. 3.5.1.0 (Jatinangor, Indonesia), Image-J (Bethesda, MD, USA), and chemical laboratory glassware (Duran, Pyrex, and Iwaki).



All materials used in this research were purchased from Sigma-Aldrich. Commercial extracts of Psidium guajava (guava), Curcuma xanthorriza, Phyllanthus niruri, Sonchus arvensis, and Orthosiphon stamineus were obtained from PT Biofarmaka, Indonesia. The bacteria used in this research were obtained from the Microbiological Recovery Research Laboratory, BRIN Cibinong, Indonesia.




2.2. Bacterial Culture and Bacterial Physiological Tests


Bacillus megaterium bacterial isolates were grown and rejuvenated using the scratch plate method on heterotrophic media, and Pseudomonas isolates were grown on Pseudomonas isolation agar (PIA) media and then incubated for 24 h at 37 °C. Heterotrophic media were made from a mixture of 3.0 g agar, 3.6 g tryptone, 1.0 g NaCl, and 0.5 g K2HPO4 dissolved in 200 mL of distilled water. Next, media sterilization was carried out in an autoclave for 15 min at a temperature of 121 °C. After that, 10 to 15 mL of warm heterotrophic media was poured into a Petri dish and left to cool and solidify on a sterile worktable equipped with UV light. The solidified media were then ready to grow and rejuvenate bacterial cells. PIA media are made from 6 g of PIA powder dissolved in 200 mL of distilled water and stirred until homogeneous in the microwave. Next, the media were sterilized by autoclaving for 15 min at 121 °C. After that, 10 to 15 mL of warm heterotrophic media was poured into a Petri dish and then left to cool and solidify on a sterile worktable using UV light. The solidified media were then ready to be used to grow and rejuvenate bacterial cells. Then, bacterial physiological tests were carried out, such as Gram staining and catalase and oxidase tests to ensure a comprehensive understanding of the bacterial isolates.




2.3. Screening for Bacteria Producing Tyrosinase and Laccase Enzymes


The enzyme screening process was conducted with utmost thoroughness. Tyrosinase enzyme screening was carried out on tyrosine media using the L-tyrosine compound. Laccase enzyme screening was carried out using Pseudomonas bacteria in laccase media with the addition of guaiacol and CuSO4 compounds. Expression of laccase activity was carried out on Luria Agar containing 24 g/L yeast extract, 20 g/L tryptone, 0.4% glycerol, 0.017 M KH2PO4, and 0.072 M K2HPO4 with 100 g/mL ampicillin supplemented with 0.01% (w/v) guaiacol as laccase substrate and 0.35 mM CuSO4 [27]. The method for testing laccase activity involved strains being grown and rejuvenated overnight at 37 °C, and the formation of a brown zone around the colonies when the tested reagent produced laccase was observed. Bacterial isolates were grown on solid agar media, which had the following composition: yeast extract (0.15%), tryptone (0.15%), NaCl (0.5%), L-tyrosine (0.1%), and agar (3%), dissolved in 100 mL of distilled water [28].




2.4. Biofilm Formation


Bacteria selected from physiological tests were grown in liquid media and then incubated using a water bath shaker for 3–4 h with a temperature of 37 °C. Then, the bacteria were harvested by centrifugation speed 10,000 rpm for 5 min. The bacterial pellets were rinsed three times using phosphate-buffered saline (PBS) with a pH of 7.4. After that, the bacteria were dropped on the surface of the screen-printed carbon electrode. Immobilization of the consortium bacteria to become a biofilm was carried out in 3 different ways: the first was to drop 10 µL of Bacillus bacteria and then 10 µL of Pseudomonas bacteria until the total drop was 100 µL. In the second method, 10 µL of Pseudomonas bacteria is dropped, followed by 10 µL of Bacillus, wait until it dries, and then repeat the treatment up to 100 µL. The first and second methods are called external mixing. The third method (internal mixing) is that the bacteria are first mixed with Bacillus and Pseudomonas bacteria into a microtube with a ratio of 1:1, homogenized using a vortex, and then dripped onto the SPCE surface in 20 µL increments up to 100 µL; then, for all methods, 0.1% agar solution is added (temperature ±40–50 °C), as much as 10 µL. The number of bacterial colonies produced in the drop of 10 μL by B. megaterium 23 was 2 × 105 cfu/mL, P. fluorescens P4 was 119 × 105 cfu/mL, P. fluorescens P5 was 232 × 105 cfu/mL, and P. fluorescens P7 was 312 × 105 cfu/mL. The consortium biofilm formation scheme is shown in Figure 1.




2.5. Biofilm Selection and Electrochemical Measurement of Biosensors


Select the bacterial biofilm to be used, namely single Bacillus bacterium, single Pseudomonas, and bacterial consortium using three different immobilization methods described previously. The analyte used for biofilm selection was ascorbic acid with a concentration of 0.05 M dissolved in pH 7 of the PBS solution. Measurement of antioxidant compounds was performed using a potentiostat (eDAQ, New Zealand, Australia) with a cyclic voltammetry (CV) technique equipped with Echem v2.1.0 software. Current measurements use window parameters of −1000 mV initial potential, final potential −1000 mV, scan rate of 100 mV/s, and three number of cycles.




2.6. Optimization and Characterization of Consortium Biofilms


Biofilm optimization was carried out using a combination of PBS pH factors (6–8) and biofilm formation time (3–12 days). The method used was response surface methodology and central composite design (CCD) with Design Expert-13 software. The consortium bacteria that were immobilized on the SPCE surface were stored in a container at room temperature. The morphology of the consortium biofilm on the SPCE surface was characterized using scanning electron microscopy (SEM).




2.7. Evaluation of the Analytical Performance of Biosensors


Analytical performance parameters measured include linearity, sensitivity, limit of detection (LOD), limit of quantitation (LOQ), selectivity, replicability, and measurement stability. Linearity of catechol measurements was carried out over a concentration range (10−300 µM). Replicability was tested by measuring catechol solutions of specific concentrations using 5 individual SPCEs. The replicability value is known from the % RSD produced. The stability of the consortium biofilm was tested using 1 SPCE, which was used repeatedly in different weeks.




2.8. Measurement of Antioxidant Capacity Using Biosensor


Measurement of antioxidant capacity using a biosensor refers to the method by Campanella et al. [29], which has been modified. Biosensor measurements were carried out with 1 mL of catechol as a substrate, which was added in concentration gradually, and with each addition, the resulting change in current was measured. Next, the measurements were repeated by adding 0.5 mL of ascorbic acid as a standard compound with varying concentrations of 100, 50, 25, 12.5, and 6.25 ppm and commercial extract samples. Antioxidant capacity can be calculated as relative antioxidant capacity (RAC) in Equation (1) [30].


  R A C = ( 1 −    m B   m A    )  



(1)




Note:




	
mA: slope without added extract.



	
mB: slope with added extract.









2.9. Determination of Antioxidant Capacity by DPPH Method


Measurement of antioxidant capacity was also carried out using the standard method, namely DPPH. Determination of antioxidant capacity was tested on the five extract samples. A total of 40 µL of the extract solution was put into a 96-well plate, and 250 µL of DPPH solution (5 mg DPPH in 100 mL ethanol) was added and then incubated in the dark for 30 min measured at a wavelength of 517 nm [7]. Ascorbic acid was used as a standard with varying concentrations of 100, 50, 25, 12.5, and 6.25 ppm. Antioxidant capacity was expressed as millimolar ascorbic acid equivalents in g extract (mmol AAE/g extract). The scheme for determining antioxidant capacity by biosensor and DPPH method is shown in Figure 2.




2.10. Data Analysis


Cyclic voltammetry data from the potentiostat were processed and analyzed using Echem v 2.1.0, Origin Pro 8.5, and Microsoft Excel 2013 applications. Data were acquired from the comparison of DPPH and biosensor methods using ANOVA on the SmartstatXL application ver 3.5.1.0 (Jatinangor, Indonesia).





3. Results and Discussion


3.1. Bacterial Culture and Bacterial Screening of Bacillus megaterium and Pseudomonas sp., Pseudomonas fluorescens, Pseudomonas aeroginosa


This research used 12 bacterial isolates, specifically from Bacillus megaterium and Pseudomonas sp., Pseudomonas fluorescens, and Pseudomonas aeruginoasa. These isolates, each with unique names and codes, can produce tyrosinase and laccase enzymes. The B. megaterium isolates were inoculated on solid heterotrophic media. At the same time, the Pseudomonas bacteria were similarly treated on PIA media, containing essential carbon and nitrogen sources for bacterial growth and forming pure colonies. The media used had been meticulously sterilized to ensure the absence of any unwanted microbes, demonstrating our commitment to maintaining the purity of our bacterial cultures. The results of our bacterial cultivation revealed milky white bacterial morphology and irregular bacterial colonies.



The results obtained from the physiological test of bacteria from Gram staining, namely all Bacillus megaterium including Gram-positive bacteria, which are marked with a purple color at the time of observation, and all Pseudomonas sp., P. aeroginosa, and P. fluorescens, including Gram-negative bacteria, which are marked with a red color at the time of observation using a microscope. Based on the results of the oxidase test on 12 bacterial isolates, all bacteria showed positive results as indicated by a blue-violet color change except code 21; this occurred because the bacteria were probably inactive due to temperature and storage time. The results of this research align with those of Panjaitan et al. [31], who state that the color change to blue in bacteria indicates that the bacteria have the oxidase enzyme. The results of the catalase test indicated that all bacterial isolates positive for catalase were marked by the formation of gas bubbles, which is in line with the research by Damayanti et al. [32] that the bacterial isolate obtained reacted positively in the catalase test due to the breakdown of H2O2 into O2, while another bacterial isolate reacted negatively in the catalase test because there was no breakdown of H2O2 into O2




3.2. Tyrosinase and Laccase Enzyme Screening


3.2.1. Tyrosinase Enzyme Screening


Enzyme-producing bacteria are widely used because they quickly cultivate and easily control their growth. The bacteria used to screen the tyrosinase enzyme in this study were B. megaterium with a different isolate code. B. megaterium bacteria are known to produce the enzyme tyrosinase, which functions as a bioreceptor in electrochemical biosensors that determine antioxidant levels. The tyrosinase enzyme is a monooxygenase enzyme that functions to catalyze the o-hydroxylation of monophenol to diphenol (monophenolase activity) and the oxidation of diphenol to quinone (diphenolase activity) [33].



Based on the results of the research on the tyrosinase enzyme screening test, namely that on the first and second days, there was no clear zone formation in the bacteria, which indicated that the bacteria could produce the tyrosinase enzyme (Figure 3a,b). On the third day, bacteria could produce the tyrosinase enzyme, namely B. megaterium 23, which was characterized by the formation of a clear zone on the media (Figure 3c), in line with the research by Ariyanti [28] which reported that the genus Bacillus could produce the tyrosinase enzyme, which was characterized by the clear zone formation of a tyrosinase enzyme. This clear zone is a form of bacterial defense secreted into the environment. Then, on the fourth day, the media of B. megaterium 23 were seen turning brownish, which means that B. megaterium 23 can produce the tyrosinase enzyme because the tyrosinase enzyme also plays an active role in melanin synthesis, which is in line with previous research which stated that the tyrosinase enzyme can undergo oxidation for melanin formation which is shown in the red line (Figure 3d) [34]. B. megaterium bacteria with isolate codes 55, 6, 53, and 29 cannot produce the tyrosinase enzyme because different bacterial strains produce different amounts and enzymes. The colony shape of B. megaterium bacteria with isolate codes 55, 6, and 53 is irregularly caused by bacterial colonies following growth when etching bacteria on selective media. Therefore, it can be concluded that only B. megaterium 23 produces the tyrosinase enzyme.




3.2.2. Laccase Enzyme Screening


Laccase enzyme screening was carried out to prove that the bacterial isolate could produce the laccase enzyme. The laccase enzyme is an extracellular enzyme found in many plants, bacteria, and fungi. The laccase enzyme catalyzes the oxidation reaction of various phenolic compounds, diamines, and aromatic amines. This is because this enzyme contains multinuclear copper, which utilizes oxygen molecules to oxidize various aromatic compounds.



Observations of the laccase enzyme screening test carried out on laccase media from days 1 to 4 are shown in Figure 4. The laccase enzyme is characterized by a change in color around the colonies to brownish. The first bacterial isolates that changed color were P. fluorescens P4, P5, and P7. Colony color changes in media with guaiacol as a substrate occur due to oxidation and quinone formation reactions from extracellular enzymes. Pseudomonas sp. code 21 bacteria cannot produce the laccase enzyme because the color of the bacterial colonies on the laccase media does not change. This is because the bacteria are no longer active due to the influence of temperature, lack of nutrition, and extended storage of the bacteria. In addition, bacteria of the genus Pseudomonas cannot form spores when nutrients are insufficient, so they cannot survive in unfavorable environments. These results are in line with research by Mandic et al. [27], who researched that Pseudomonas sp. can produce laccase activity, which is characterized by the colony turning brownish.



So, from the results of screening for tyrosinase and laccase enzymes, the candidate bacteria that will be obtained from consortium are B. megaterium 23 and P. fluorescens P4, P5, and P7, and the results of the selection of these bacteria were also selected from observations of bacterial physiological tests.





3.3. Electrochemical Performance of Consortium Bacterial Biofilms


Current selection uses bacterial biofilms selected from enzyme screening tests and bacterial physiological tests using cyclic voltammetry techniques. The analyzer used to evaluate bacterial biofilms is ascorbic acid, which is known to contain natural antioxidants. Ascorbic acid is dissolved in a phosphate buffer solution with pH 7. This phosphate buffer solution can increase electrical energy production and function to help cells maintain pH [35,36]. Phosphate buffer solutions are polar and can be used well as electrolyte solutions that do not produce oxidation peaks in the analyte oxidation potential area and also do not interfere with the analyte oxidation peaks that are formed. Evaluation of electrochemical performance based on bacterial biofilms was carried out on single B. megaterium, single P. fluorescens, and consortium bacteria.



The bacteria from the selection results were made into a consortium, for example, B. megaterium 23 with P. fluorescens P4, B. megaterium with P. fluorescens P5, and B. megaterium with P. fluorescens P7. Immobilization of bacteria into a biofilm for a bacterial consortium is carried out in three ways, such as the B. megaterium 23 consortium being dropped first and then followed by P. fluorescens P4 bacteria (BM 23-P4 external mixing). In the second method, the bacteria P. fluorescens P4 is dropped, and then the drop of B. megaterium 23 is continued (external mixing P4-BM 23). The third method is first to mix the bacteria B. megaterium 23 and P. fluorescens P4 into a microtube with a ratio of 1:1 (mixing in P4-BM 23), and then it is dropped on the surface of the SPCE; likewise, further treatment is performed for bacteria until they form a biofilm. The treatment for making different bacterial consortia is due to needing to find the best mixture of bacteria. Bacteria that live and form biofilms are better than free-living bacteria.



Cyclic voltammetry techniques measure ascorbic acid 0.05 M as a natural antioxidant, producing peak oxidation currents in the potential range of 0.2−0.4. Measurements of single biofilms of B. megaterium and P. fluorescens P4, P5, and P7 produced current values of 0.09 mA, 0.112 mA, 0.103 mA, and 0.105 mA, respectively. Thus, the highest current was obtained by a single bacterial biofilm, namely the P. fluorescens P4 biofilm. However, when the bacteria B. megaterium 23 and P. fluorescens P4 were combined, the current values were, respectively, 0.11 mA (BM 23-P4 external mixing), 0.122 mA (P4-BM 23 external mixing), and 0.114 mA (mixing in P4-BM 23) (Figure 5a). The results obtained by the consortium of B. megaterium 23 and P. fluorescens were unstable due to the lower current value compared to single bacteria. It was caused by B. megaterium 23 and P. fluorescens not synergizing to form a biofilm.



Qualitatively, the highest current at the oxidation peak was obtained by the bacterial consortium in P7-BM 23, namely 0.165 mA, as shown in Figure 5a. The value of the oxidation current of the consortium in P7-BM (mixing in separate microtubes) was higher than single bacterial biofilms in both B. megaterium 23 and P. fluorescens P7. The results obtained can also be seen from the cyclic voltammogram, which is colored red, indicating that the consortium of B. megaterium 23 with P. fluorescens P7 produces the highest oxidation current (Figure 5b). The phosphate buffer electrolyte solution does not show any oxidation peaks, as shown in the dark green cyclic voltammogram in Figure 5b, meaning that the phosphate buffer solution does not interfere with the current value of the sample. The results obtained in this study are in line with the research by Ribeiro et al. [30], who also detected commercial vitamin C, obtaining a peak oxidation current between a potential of 0.2 and 0.4 V. Similarly, ascorbic acid was also detected in the pharmaceutical sector using a cyclic voltammetry technique, with a peak oxidation current in the potential range 0.2−0.4 V and using a pay speed of 100 mV/s [37].




3.4. Optimizing Consortium Biofilm Conditions


Optimization is used to obtain the maximum current response from several treatment functions. Optimization produces different combinations with two treatment factors. This combination produces different current responses for each combination. Response surface methodology (RSM) is a model for studying factors that affect response simultaneously without many trials. The RSM optimization technique is carried out to obtain the best solution from a combination of variables. The advantage of the RSM technique is that it can minimize time, energy, and costs. The treatment functions used in optimization are the phosphate buffer solution’s pH and the biofilm formation time (days). The optimum value obtained for optimizing bacterial biofilm conditions is pH 7, and the time of biofilm formation on the 7th day is based on the contour plot and 3D surface in Figure 6. The maximum current value produced under these conditions is 64.8 µA (red), while the minimum current value obtained is 39.28 (red), as shown in Figure 6. Acidity conditions (pH) also affect the reaction speed because enzymes only work optimally at a certain pH. The contour plot and surface color show the magnitude of the measured oxidation current. Blue indicates the minimum current produced, while red indicates the maximum current in the measurement. The optimum conditions produced will be used as a reference for making biofilms. Each enzyme functions optimally at a certain pH so that the current produced during measurement will vary according to the characteristics of each enzyme.



The optimum time for biofilm formation in this study was the 7th day. This means that on the 7th day, the best biofilm, which adheres to the electrode surface, is formed. Research conducted by Ariyanti [28] showed that the optimum biofilm formation for Bacillus bacteria as producers of the tyrosinase enzyme was on day 6, while research conducted by Chen et al. [38] showed Pseudomonas biofilm formation on day 3. The optimum time for biofilm formation is different because this study used a consortium of bacteria with different characteristics and resistances. These differences in characteristics and resistances could be due to the unique metabolic pathways and growth conditions of each bacterium, which can influence the rate and quality of biofilm formation.




3.5. Surface Characterization of Electrodes Immobilized by Consortium Biofilms


Bacteria can form biofilms from the extracellular polymer matrix secreted into the environment. The matrix comprises proteins, carbohydrates, polysaccharides, water, and DNA [39]. The extracellular polymeric matrix in deeper layers can protect bacterial cells against antimicrobial agents by limiting the diffusion of these antimicrobials. Biofilms can create different environmental conditions; biofilm-forming bacteria can live in environmental conditions lacking nutrients and extreme pH changes. Biofilms can adhere firmly and resist repeated frictional forces. The cells in a biofilm adhere approximately 1000 times more strongly than the planktonic form [40]. Characteristics of the consortium biofilm were established using SEM to determine the morphology of the bacterial consortium biofilm immobilized on the SPCE surface.



Observation of the morphology of bacterial biofilms on day 0: Biofilms had not yet formed because the bacteria had just started attaching randomly to the electrode surface, so what was visible was still a single bacterium. B. megaterium 23 bacteria were marked with a green line, and P. fluorescence P7 bacteria were marked with a yellow color (Figure 7a). Observing the morphology of the bacteria using SEM shows that B. megaterium is characterized by large rod-shaped bacteria with a length of around 4.28 µm, and P. fluorescens P7 bacteria is characterized by round-shaped bacteria with a relatively small size with a diameter of around 1.05 µm; measurement was performed using the Image-J application.



The results of the characterization of the bacterial biofilm on day 7, which is the day for optimum biofilm formation in this study, show that a biofilm has been formed, which is characterized by the gathering of bacteria to form a clustered layer and sticking to the surface of the SPCE (Figure 7b). The results of this study align with research, which states that biofilm formation is characterized by a layer film of bacteria that gathers on the surface [41,42]. The layer film is formed because the bacteria have secreted an extracellular polymer matrix on the surface of the fusion of two bacteria. Then, on the 12th day, it can be seen that a bacterial biofilm has formed, which is characterized by a large layer covering the electrode surface, which can be seen in Figure 7c. Thus, it can be concluded that the bacterial consortium of B. megaterium 23 and P. fluorescens P7 can form a biofilm with a widespread layer of bacteria on the electrode surface with different colonization abilities. The number of bacterial colonies produced by B. megaterium 23 was 2 × 106 cfu/mL, while the number of bacterial colonies produced by P. fluorescens P7 was 91.4 × 108 cfu/mL.




3.6. Biosensor Analytical Performance


The compound used to evaluate analytical performance is catechol because it is used as a substrate for measuring antioxidant capacity. The linearity produced in this study follows the linear regression equation y = 0.04x + 1.9548 with a coefficient of determination (R2) = 0.992 (Figure 8). The biomaterial used is agarose, which is dropped after bacteria are immobilized on the electrode surface; agarose is a natural polysaccharide polymer biomaterial, gel plate, or layer for cells in tissue culture and cell culture media, and its excellent biocompatibility, thermo-reversible gelation behavior, and physiochemical features support its use as biomaterials for cell growth [43].



The resulting cyclic voltammogram shows that the higher the substrate concentration, the more the peak oxidation current also increases. The resulting sensitivity is 0.04 µAµM−1, which means that for every change in the analyte concentration value of 1 µM, there is a change in the current response of 0.04 µA on biosensors. This study’s detection limit and quantitation limit were 0.5 µM and 10 µM, respectively. The LOD resulting from this research is better than previous research that used the superoxide dismutase (SOD) enzyme to detect antioxidants, namely 40.8 µM [44]. The stability of the biosensor was also measured using a catechol 150 µM solution, and the response was stable until the 10th week, with a value of 95.34% (Figure 9). Han et al. [45] conducted research that used consortium biofilms from Arthrobacter sp. and Streptomyces sp., which survived for 90 days. In addition, the bacterial consortium biofilm of Comamonas sp. and Hyphomicrobium sp. was stable when measured on day 15 [46]. The repeatability of measurements of catechol compounds was determined using five SPCE electrodes that consortium biofilms had immobilized. The results show that the electrode has good replicability with an RSD value of <5%, namely 2.08%.




3.7. Antioxidant Capacity Using Biosensor and DPPH Methods


Standard ascorbic acid as a natural antioxidant was measured using a biosensor and the DPPH method as a reference. The standard curve produced by the biosensor method shows the relationship between current and concentration with the regression equation y = 0.0187x + 0.1593 with R2 = 0.9998. The standard curve produced by the DPPH method shows that the relationship between Δ absorbance and concentration produces a regression equation y = 0.0074x + 0.1045 with R2 = 0.9998, which means that the standard measurement of ascorbic acid using a biosensor with DPPH has good linearity.



The results of the antioxidant capacity were obtained from the five extracts using the DPPH method from highest to lowest: Psidium guajava extract > Curcuma xanthorriza > Phyllanthus niruri > Orthosiphon stamineus > Sonchus arvensis. The biosensor method used the highest to lowest antioxidant capacity, namely Psidium guajava extract > Phyllanthus niruri > Curcuma xanthorriza > Orthosiphon stamineus > Sonchus arvensis. The antioxidant capacity values of the two methods were compared and analyzed using two-way ANOVA, followed by the Duncan test using the SmartstatXL application with a 95% confidence interval. The exported values are the mean ± SD of four assays for each sample. The results obtained from the five plant extracts showed significantly different antioxidant capacities (p < 0.05), as seen in Table 1.



The differences in antioxidant capacity results between samples are due to differences in the content of flavonoids, phenolic compounds, and their derivatives in each extract. However, these two methods have similar values regarding the resulting antioxidant capacity. There was no significant difference in the antioxidant capacity values in the Psidium guajava, Orthosiphon stamineus, and Sonchus arvensis extract samples from the antioxidant capacity values using the biosensor or DPPH method. The highest antioxidant capacity value in the biosensor method, namely Psidium guajava extract, is 0.2625 mmol AAE/g extract, which is in line with the DPPH method with an antioxidant capacity value of Psidium guajava extract of 0.2780 mmol AAE/g extract. Guava extract contains tannins, alkaloids, phenolics, and quercetin as flavonoid compounds [47]. Flavonoid and phenolic compounds have hydroxyl groups that function to capture free radicals. So, the more hydroxyl groups contained in a compound, the greater the antioxidant content. The hydroxyl group’s ortho-position significantly influences a flavonoid’s antioxidant capacity. The results of measurements using the biosensor and DPPH methods can differentiate the antioxidant capacity values of the five extract samples marked with lowercase letters, as shown in Table 1.



Differences in the results of antioxidant capacity are also influenced by the mechanism of each method [6]. The mechanism in the DPPH method, measuring antioxidant capacity, depends on the transfer of hydrogen from antioxidant molecules to DPPH radicals and the type of solvent involved. DPPH radicals are dark purple; the color will change to yellow if the radical receives electrons or hydrogen from antioxidant molecules during testing. Meanwhile, biosensors are based on measuring redox currents at a particular potential catalyzed by enzymes. In a typical reaction catalyzed by laccase and tyrosinase, the phenolic substrate undergoes single-electron oxidation to produce the oxidation of o-diphenol to o-quinone (catecholase activity). A reversible redox reaction between oxygen and hydrogen will produce electrons. Electrons transfer to the transducer in the form of a signal. Then, this signal is converted into electromagnetic waves, which can be read and recorded as oxidation current peaks. The consortium biofilm-based biosensor that produces the tyrosinase–laccase enzyme is assumed to have more electron transferring as a result of the catalytic reaction of the two enzymes.



There are differences in the measurement results of the two methods, namely Curcuma xanthorriza extract and Orthosiphon stamineus. The color of the sample influences measurements using the DPPH method; samples containing antioxidants will turn yellow after dripping the DPPH solution, but the original color of the Curcuma xanthorriza extract sample is yellow; this is a notable concern, namely the absorbance of the color of the extract, and for this reason, color correction of the measurements is required. According to the research by Rodrí [48] in determining antioxidant capacity, which also uses catechol as a substrate when compared with standard methods, it produces significantly different values. However, this method has different characteristics and advantages, too. Thus, this consortium’s biofilm-based biosensor method can be developed to determine antioxidant capacity because it can differentiate the capacity of the five sample extracts.





4. Conclusions


From the results obtained, B. megaterium can produce the tyrosinase enzyme, and P. fluorescens can produce the laccase enzyme, and these two bacteria were successfully combined to form a biofilm. Consortium biofilms were selected based on the highest current response evaluated electrochemically with cyclic voltammetry analysis techniques. The highest current results were obtained from the B. megaterium 23 and P. fluorescens P7 consortium biofilm mixed in a microtube ratio (1:1) with a current value of 0.165 mA. Consortium biofilm optimization results were obtained in phosphate buffer with a pH of 7 and biofilm formation on day 7. The analytical performance of the biosensor was evaluated over a concentration range of 10–300 µM, resulting in the regression equation y = 0.04x + 1.9548 with R2 = 0.992. The LOD and LOQ values are 0.5 µM and 10 µM, respectively. Biosensor repeatability showed RSD < 5%. The biosensor showed a stable response until the 10th week. The antioxidant capacity measured in the five extracts by both methods differed significantly (p < 0.05). However, the antioxidant capacity values of the five extracts measured by both methods showed the same trend. The highest antioxidant capacity is guava extract, and the lowest is tempuyung extract. Thus, this biosensor method can be used as an alternative for measuring antioxidant capacity.




5. Discussion and Suggestion


This research is the first step in identifying antioxidant polyphenols by developing a biosensor method that uses a combination of two bacteria as bioreceptors. To improve the performance of this research, it is necessary to optimize the number of bacteria in a sample (CFU), measure selectivity with various non-phenolic compounds, and evaluate the analytical performance of biosensors using ascorbic acid as the standard.
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Figure 1. The consortium biofilm formation scheme. 
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Figure 2. Scheme determination of antioxidant capacity by biosensor and DPPH method. 
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Figure 3. Tyrosinase enzyme screening test from bacteria on (a) day 1, (b) day 2, (c) day 3, and (d) day 4. 
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Figure 4. Laccase enzyme screening test from bacteria on (a) day 1, (b) day 2, (c) day 3, and (d) day 4. 
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Figure 5. Evaluation of the current of 0.05 M ascorbic acid on single bacterial biofilms and consortia immobilized on SPCE surfaces in the form of (a) bar graph and (b) cyclic voltammogram. a: B. megaterium 23; b: P. fluorescens P4; c: P. fluorescens P5; d: P. fluorescens P7; e: BM 23-P4 external mixing; f: P4-BM 23 external mixing; g: BM 23-P5 external mixing; h: P5-BM 23 external mixing; i: BM 23-P7 external mixing; j: P7-BM 23 external mixing; k: mixing in P4-BM 23; l: mixing in P5-BM 23; m: mixing in P7-BM 23. 






Figure 5. Evaluation of the current of 0.05 M ascorbic acid on single bacterial biofilms and consortia immobilized on SPCE surfaces in the form of (a) bar graph and (b) cyclic voltammogram. a: B. megaterium 23; b: P. fluorescens P4; c: P. fluorescens P5; d: P. fluorescens P7; e: BM 23-P4 external mixing; f: P4-BM 23 external mixing; g: BM 23-P5 external mixing; h: P5-BM 23 external mixing; i: BM 23-P7 external mixing; j: P7-BM 23 external mixing; k: mixing in P4-BM 23; l: mixing in P5-BM 23; m: mixing in P7-BM 23.



[image: Electrochem 05 00034 g005]







[image: Electrochem 05 00034 g006] 





Figure 6. Optimum conditions for bacterial biofilms with factors such as biofilm formation time and PBS pH in the form of (a) contour plot and (b) 3D surface. 
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Figure 7. Characteristics of biofilm formation using a scanning electron microscope (SEM) with a magnification of 10,000 times: (a) 0 days; (b) 7 days; (c) 12 days. 
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Figure 8. Linearity of catechol concentration current in the range 10–300 µM. 
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Figure 9. Biosensor stability after 10 weeks of measurements with 150 µM of catechol. 
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Table 1. Antioxidant capacity using biosensor and DPPH methods.
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Method




	
Sample

	
DPPH (mmol/g Extract)

	
Biosensor (mmol/g Extract)






	
Curcuma xanthorriza

	
0.2340 ± 0.0063 b

	
0.1853 ± 0.0093 c




	
Phyllanthus niruri

	
0.2013 ± 0.0131 c

	
0.2375 ± 0.0145 b




	
Orthosiphon stamineus

	
0.1668 ± 0.0158 d

	
0.1525 ± 0.0067 d




	
Psidium guajava

	
0.2780 ± 0.0131 a

	
0.2625 ± 0.0053 a




	
Sonchus arvensis

	
0.1323 ± 0.0131 e

	
0.1206 ± 0.0172 e








The value of reported mean ± SD within each extract in the same column followed by different lowercase letters indicates a significant difference with Duncan’s test (p < 0.05).
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