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Abstract

:

Serotonin is a biogenic amine that has multiple roles in the human body and is mainly known as the happiness hormone. A new laccase (Lac)-based biosensor has been developed for the qualitative and quantitative determination of serotonin in three dietary supplements from three different manufacturers. The enzyme was immobilized on an organized mesoporous carbon-modified carbon screen-printed electrode (OMC-SPE) by the drop-and-dry method, the active surface being pretreated with glutaraldehyde. With the new biosensor, serotonin was selectively detected from different solutions. Square-wave voltammetry was the technique used for the quantitative determination of serotonin, obtaining a detection limit value of 316 nM and a quantification limit value of 948 nM in the linearity range of 0.1–1.2 µM. The pH for the determinations was 5.2; at this value, the biocatalytic activity of the laccase was optimal. At the same time, the electrochemical performance of the OMC-SPE/Lac biosensor was compared with that of the unmodified sensor, a performance that highlighted the superiority of the biosensor and the very important role of the enzyme in electrodetection. The results obtained from the quantitative determination of serotonin by square-wave voltammetry were compared with those from the FTIR method, revealing a very good correlation between the results obtained by the two quantitative determination methods.
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1. Introduction


Serotonin (5-hydroxytryptamine, 5-HT) is a biogenic amine found in biological systems, both as a neurotransmitter in the central nervous system and as a hormone in the peripheral nervous system and gastrointestinal tract. It is also a factor in platelet aggregation, being a component of platelets [1]. Serotonin is directly involved in the regulation of body temperature, sleep, sexual drive, and appetite. It also has a positive influence on well-being [2]. There are 10 mg of serotonin in the body, 2% of which is distributed in the central nervous system, and any disturbance of this level, either through an excess or a deficit, alters the body’s balance, triggering a series of pathological conditions. More specifically, the concentrations of serotonin in the body, taking into account the distribution of this biogenic amine according to biological fluid samples, are below 0.0568 nM in the cerebrospinal fluid [3], about 0.27–1.49 nM in serum, and 0.3–1.65 nM in urine [4,5,6].



Low serotonin levels are correlated with a number of conditions such as depression, schizophrenia, Parkinson’s syndrome, obsessive–compulsive syndrome, cardiovascular disease, Alzheimer’s disease, bipolar disorder, anxiety, and migraine [7,8], and high levels can trigger serotonin syndrome, an excessive activity of nerve cells manifested by hypertension, hyperthermia, seizures, and rhabdomyolysis. In addition, exacerbated amounts of serotonin occur in carcinoid syndrome (a tumor of the small intestine, appendix, and colon) and can affect liver regeneration [9].



Due to the accelerated pace of development in the food and pharmaceutical industries during the last decades and based on the increasing interest of companies in the mentioned industries in accurately determining the composition of foods and dietary supplements to detect allergens or various harmful compounds, it has been found that some foods contain serotonin in appreciable amounts, including avocados, pineapples, bananas, plums, peanuts, tomatoes, and eggplants [10]. Serotonin is found in large amounts in Mucuna pruriens, along with flavonoids, tannins, levodopa, alkaloids, terpenes, and phenolic compounds [11,12].



To date, serotonin has been determined in food and biological fluids by numerous techniques, such as high-performance liquid chromatography [13,14,15,16], electrophoresis [17,18,19,20], spectrophotometry [21], fluorescence [22,23,24], chemiluminescence [16,25], etc.



Although highly accurate, these techniques involve long working times, complex preliminary steps for sample preparation, and sometimes the use of toxic substances. All these impediments do not allow real-time analysis. As complementary methods to classical analytical techniques, a number of electrochemical serotonin detection methods have been developed in recent years using sensors and biosensors, which are viable alternatives, as these devices have a number of advantages, namely, simple handling, low costs, short working times, and high sensitivity and selectivity. Among the most widely used electrochemical techniques are cyclic voltammetry, square-wave voltammetry, and differential pulse voltammetry [26,27,28,29]. Each method has specific features. For example, cyclic voltammetry provides information about the processes taking place at the electrode surface, while square-wave voltammetry is characterized by good selectivity and the absence of background currents, as in differential pulse voltammetry.



Numerous electrodes modified with nanomaterials of different types have been used to monitor the electrochemical behavior and to perform qualitative and quantitative analyses of human biological fluids or plant products containing serotonin. These include multiwalled carbon nanotubes and gold nanoparticles [30], multiwalled carbon nanotubes with magnetic particles, graphene oxide electrodes reduced with silver nanoparticles [31], graphene oxide reduced with silver selenide [32], and polypyrrole and ferroferric oxide-modified carbon screen-printed electrodes [33]. Composite nanomaterials have also been used with good results in electrochemical detection techniques, including the one with Ag, polypyrrole, and Cu nanoparticles [34], that with SnO2-SnS2 [35], and those based on CeO nanofibers, Au, and RuO2 [36]. The selectivity and sensitivity of the sensors listed above were influenced on the one hand by the type of carbon electrode used and on the other hand by the properties of the nanomaterial chosen to modify the respective electrode.



Recent research in electrochemistry has focused on the development of biosensors, which have superior properties to electrodes modified with nanocomposite materials in terms of sensitivity and selectivity. The literature refers to various biosensors, such as one with nanodiamond and gold nanoparticles anchored in a casein biofilm [37], a carbon paste electrode with horseradish peroxidase [38], and a platinum and laccase electrode [39]. These biosensors have been used to detect serotonin in synthetic urine and blood samples from rats [38,40].



Having proven the analytical performance of enzymes in the detection of serotonin in various biological and food samples, the use of laccase was proposed for the fabrication of a new biosensor, taking into account the electrocatalytic properties of this enzyme.



Laccase enables direct electron transfer (DET), which occurs between the active redox enzyme and the electrode surface and produces electronic coupling between the redox protein and the electrode. The redox enzyme acts as an electrocatalyst, facilitating electron transfer between the electrode and the molecular substrate without involving a mediator in the process. Accordingly, biosensors capable of direct electron transfer have higher selectivity because they are less exposed to interference. A small number of enzymes are able to interact directly with the electrode, catalyzing the related enzymatic reaction, e.g., laccase, in a way that could favor DET [41].



Laccase consists of four copper atoms: T1, T2, and two T3 atoms [42,43,44,45,46]. The T1 site of Cu is located near the surface of the enzyme in the hydrophobic fold where the enzyme substrate attaches. The oxygen-binding site is represented by the trinuclear T2/T3 cluster, which is 13 Å apart from the T1 site [47].



The present study aims to detect serotonin in Mucuna pruriens-based dietary supplements by voltammetric methods using a newly developed biosensor. At the same time, the present study aims to compare the performance of the OMC-SPE organized mesoporous carbon screen-printed electrode with the laccase-modified biosensor (OMC-SPE/Lac) in terms of active surface areas, surface coverage with the electroactive species, and detection and quantification limits.



The novelty of the study lies in the fact that we used a newly constructed biosensor based on laccase to detect serotonin from the plant Mucuna pruriens. As far as we know, the literature has not reported sensors and biosensors for the detection of levodopa from this plant. Knowing that, in the brain, it is metabolized into dopamine, which is recognized for its effects on motivation and attention, we found it useful to confirm the presence of serotonin in Mucuna pruriens. The detection of serotonin in Mucuna pruriens could make the product recommended in the treatment of depression as well as Parkinson’s syndrome.




2. Materials and Methods


2.1. Materials, Reagents, and Solutions


Monosodium phosphate, phosphoric acid, potassium bromide, and catechol were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phosphate buffer solution (PBS) was prepared by dissolving NaH2PO4 in ultrapure water obtained via the Milli-Q Millipore system (Bedford, MA, USA), and the pH of this solution was adjusted with phosphoric acid and checked with the Inolab pH 7310 pH meter (WTW, Weilheim, Germany). Preliminary tests were performed in 10−1 M phosphate buffer solution (PBS) at pH 5.2 and in a 10−3 M catechol solution with 10−1 M PBS.



Serotonin of analytical purity was supplied by Sigma-Aldrich. A stock solution of 10−3 M concentration was obtained by dissolving serotonin in 10−1 M (pH 5.2) PBS. Laccase extracted from Trametes versicolor, concentration 0.9 U/mg, was purchased from Sigma-Aldrich. A laccase solution with a concentration of 50 µg-µL−1 was prepared by dissolving the enzyme powders, previously weighed, in 1 mL of 10−1 M (pH 5.2) PBS. A similar concentration of the laccase solution was also reported in another paper [48]. Ultrasonication was used for homogenization. The obtained solution was clear and slightly yellowish in color [43]. The laccase stock solution was stored at −4 °C when not in use. The solutions of the real samples were obtained by dissolving different amounts of powder from the capsules in 50 mL of 10−1 M pH 5.2 phosphate buffer solution. The dissolution operation was followed by ultrasonication (Elmasonic Carl Roth GmbH, Karlsruhe, Germany) for homogenization and filtration to remove insoluble compounds from the solutions to be analyzed.



The samples analyzed by the FTIR spectrometric method were prepared using potassium bromide of analytical purity for both standard and real samples. The amino acids phenylalanine, tyrosine, and tryptophan were purchased from Sigma-Aldrich and were used in the interference studies.




2.2. Electrodes and Equipment


The sensors were electrochemically characterized with a model 263 A EG&G potentiostat/galvanostat (Princeton Applied Research, Oak Ridge, TN, USA) equipped with an electrochemical cell consisting of three electrodes. The working electrode was the sensor or the biosensor, the reference electrode was Ag/AgCl (3M KCl), and the counter electrode was a platinum wire. The potential of Ag/AgCl (3 M KCl) versus a normal hydrogen electrode is 0.197 V. All the electrode potentials have been reported versus an Ag/AgCl (3 M KCl) reference electrode. A mesoporous organized carbon-based screen-printed electrode (OMC-SPE) and a laccase-modified mesoporous organized carbon-based screen-printed electrode (OMC-SPE/Lac) were the working electrodes.



The OMC-SPE electrode was purchased from Metrohm-DropSens (Llanera, Spain). Experimental data were recorded and processed with ECHEM software. The Bruker ALPHA FT-IR spectrometer (BrukerOptik GmbH, Ettlingen, Germany) with OPUS software (BrukerOptik GmbH, Ettlingen, Germany) was used for the FTIR analysis of commercial products.




2.3. Biosensor Preparation


In the first step, the OMC-SPE electrode was functionalized using glutaraldehyde by placing that electrode over a 2% glutaraldehyde pot for 1 min. In the second step, 10 µL of the laccase enzyme solution was deposited on the surface of the OMC-SPE sensor by the drop-and-dry technique after previously obtaining the 50 µg-µL−1 laccase enzyme solution by dissolving this enzyme in 10−1 M PBS (pH 5.2). Cross-linking with glutaraldehyde allows the formation of covalent bonds between the aldehyde group of glutaraldehyde and the free amino groups of the laccase enzyme. Enzyme cross-linking generally involves the free ε-amino groups of the lysine residues, as the lysine residues do not affect the catalytic site, leaving the conformation of the enzyme unchanged while preserving the biological activity of the enzyme [49].



After fabrication, the OMC-SPE/Lac biosensor was kept at room temperature before drying in a desiccator for 60 min and then stored at 4 °C until use.




2.4. Real Samples Analyzed


The Mucuna pruriens products selected for analysis were purchased from health food stores. Mucuna DOPA came from Haya Labs, Mucuna pruriens Organic Powder was produced by Bio Raw Foods, and Mucuna pruriens L-Dopa was manufactured by Haya Labs. These supplements induce a state of well-being in the human body, increase resistance to physical and mental stress, relieve tremor in Parkinson’s syndrome, and regulate libido, according to the manufacturer’s claims [50].




2.5. Methods of Analysis


Cyclic voltammetry in the potential range between −0.4 and +1.3 V was used to stabilize the electrochemical signal in 0.1 M PBS solution (pH 5.2), applying a scan rate of 0.1 V·s−1. For electrochemical determinations with the two sensors in 10−3 M catechol solution and in 10−3 M serotonin solution, the potential range between −0.4 V and +0.7 V was chosen at scanning rates between 0.1 and 1 V·s−1. The electrochemical parameters used in square-wave voltammetry were optimized by successive trials and adjusted according to the observed peak current, resulting in a frequency of 15 Hz, a pulse height of 90 mV, and a scan increment of 7 mV.



Spectrometric measurements were performed in the range of 4000–500 cm−1 with an FTIR-ATR spectrometer (attenuated total reflectance sampling mode). The ZnSe crystal was cleaned after each determination with ultrapure water and then with isopropanol. Potassium bromide was mixed with the samples taken in the work. A 0.1 g/g serotonin standard sample was used for quantitative determinations. All FTIR determinations were performed in triplicate. The absorbance at the wavenumber related to the vibration of the -NH2 group at 3285 cm−1 [51] was used for quantitative determinations.





3. Results


3.1. FTIR Characterization of Sensor and Biosensor


FTIR spectra were recorded (Figure 1) for the pure compound used for laccase crosslinking, glutaraldehyde, and for the OMC-SPE electrode to identify the peaks that could undergo changes following enzyme immobilization.



In the case of the OMC-SPE (Figure 1a) spectrum, the bands present between 3000 and 3700 cm−1 were attributed to the stretching vibration of the −OH present in the hydroxyl or carboxyl group [52]. The bands present in the range of 3000–2850 cm−1, corresponding to the stretching vibrations of –CH < [53], suggest the presence of aliphatic groups in the ordered mesoporous carbon structure.



Broad intense bands extended in the range of 1000 to 1500 cm−1 were attributed to stretching vibrations of C−O in ester or ether and −OH bending vibrations in hydroxyl [54].



FTIR analysis allows the identification of proteins and polypeptides with nine specific IR absorption bands, such as amides A, B, and I through VII, of which bands I and II exhibit distinct vibrational bands to a high degree in the basic protein structure [55,56,57].



The amide I band of the protein is the most sensitive area, corresponding to the IR spectrum in the range of 1700–1600 cm−1. This band appears as a result of stretching vibrations of the C=O groups in the peptide bonds. The amide I band reflects the secondary structure of the protein, while the amide II band indicates the in-plane folding of the -NH- group. Taking these properties into account, it follows that amide band I is more sensitive than amide band II in FTIR spectral analysis [55,58].



The FTIR spectra of OMC-SPE/Lac (Figure 1) show prominent peaks at 3388, 1655, 1584, 1425, and 1454 cm−1. The broad band at 3388 cm−1 shows the presence of NH stretching, and OH stretching of hydrogen intermolecular interactions [59] present between laccase and glutaraldehyde. The peak at 2917 cm−1 (Figure 1c) shows the presence of aliphatic C–H stretching vibrations, also evident in Figure 1a. The peak corresponding to the amide (II) in the laccase structure is at 1584 cm−1 (Figure 1c).



The peaks at 1360, 1240, 851, and 758 cm−1 show the presence of CH2 bending, O–H in-plane bending, N–H wobble, and O–H out-of-plane bending [59].



When two or more substances are mixed, physical versus chemical interactions are reflected by changes in characteristic spectral peaks. After the cross-linking, changes were observed, such as in the spectra and the slight shift of the peaks due to the hydrogen bonds between OH and NH3+ from laccase and the OH group from glutaraldehyde. Moreover, crosslinking between the enzyme and glutaraldehyde was confirmed by the formation of a new C=N band at approximately 1584 cm−1 and the shift of the band from 1638 cm−1 (Figure 1b) to 1644 cm−1 (Figure 1c), which suggests the CONH peptide bond [60].



From the obtained results, it can be appreciated that Lac remains unchanged after immobilization by cross-linking on the screen-printed electrode.




3.2. Preliminary Studies


The two electrodes, OMC-SPE and OMC-SPE/Lac, were first characterized by cyclic voltammetry in a 0.1 M PBS solution (pH 5.2) at a scan rate of 0.1 V·s−1. Studies on the optimization of electrochemical parameters led to the observation that the potential range between −0.4 and +1.4 V of the electrochemical signal of the sensors is stable.



In the cyclic voltammograms no oxido-reduction peaks are observed, demonstrating that no electro-active species are present in the reference solution and no impurities are present on the electrode surface to influence the electrochemical signals (Figure 2).



Considering that the oxidation of the electro-active species studied in this paper (catechol and serotonin) usually takes place at a lower potential [61,62], in the following experiments the potential range of −0.4–+0.8 V was used. In the second phase, the electrochemical behavior of the two sensors was followed in a 10−3 M catechol and 10−1 M PBS solution.



Figure 3 shows the cyclic voltammograms of the unmodified sensor and the biosensor immersed in 10−3 M catechol solution and 10−1 M PBS at a scan rate of 0.1 V·s−1.



Table 1 shows the electrochemical parameters of the unmodified sensor and biosensor in the voltammograms in Figure 3.



The OMC-SPE/Lac biosensor showed higher values of anodic and cathodic peak intensities than the unmodified electrode. The findings indicate that the oxido-reduction process of catechol is facilitated by the presence of the enzyme on the biosensor surface. Therefore, laccase has an important biocatalytic effect, increasing the sensitivity of the biosensor compared to the sensor containing no enzyme.




3.3. Determination of the Active Area of OMC-SPE and OMC-SPE/Lac


Cyclic voltammograms of the two sensors were recorded at scanning rates between 0.1 V·s−1 and 1 V·s−1 to determine the active areas of these two electrodes.



As the scanning rate increased, there was a slight shift in potential values towards lower potentials (cathode peak) and higher potentials (anode peak). An increase in the intensities of the cathode-related peaks with increasing scanning rates was also evident (Figure 4).



By recording the CVs of the two electrodes, varying the scan rate between 0.1 and 1 V·s−1, a linearity between Ipa and the square root of the scan rate was revealed, with the equation of the fitting line being I(A) = 0.0004 v1/2(V·s−1)1/2 − 6.26 × 10−5 (Figure 5) and the coefficient of determination (R2) being 0.9962 for the OMC-SPE/Lac biosensor.



The values of the active surface areas of the two sensors are included in Table 2.



Considering the obtained results, it was deduced that the process at the electrode surface is controlled by the diffusion of the active species. Therefore, the Randles–Sevcik equation was used to determine the active surface area of each sensor [63,64,65]:


Ipa = 268,600 × n3/2 × A × D1/2 × C × v1/2








where Ipa is the anode peak current (A), n is the number of electrons transferred in the redox process, A is the electrode area (cm2), D is the diffusion coefficient (cm2·s−1), C is the concentration (mol·cm−3), and v is the scan rate (V·s−1).



Taking into account the diffusion coefficient of catechol reported in the literature (D = 8.5 × 10−6 cm2·s−1 [66]) and the linear regression equation of Ipa vs. v1/2, the active surface areas of OMC-SPE and OMC-SPE/Lac were determined.



The values of these active surface areas are shown in Table 2.



In contrast to liquid electrodes (i.e., mercury), the surface of a solid electrode is not always smooth, and its real area exceeds the geometric one. In the case of modification with electrocatalytic nanomaterials (OMC for example) the active surface can be much larger than the geometric area and differs depending on the type of electrode.



Therefore, an important parameter is the roughness factor. It was calculated by the ratio between the real and the geometric surfaces of the electrodes.



It is important to know this ratio (its value should exceed 1) because all the obtained results are influenced by the active surface of the electrode and must be interpreted in relation to it [67].



The OMC-SPE/Lac biosensor has both a larger active surface area and a higher roughness factor than OMC-SPE, which means that it possesses more active centers than the unmodified sensor. The results are comparable to those of other electrodes reported in the literature [68].




3.4. Voltammetric Responses of the Unmodified Sensor and Biosensor in Serotonin Solutions


In the qualitative and quantitative determination of serotonin using the two sensors, OMC-SPE and OMC-SPE/Lac, the oxido-reduction process was investigated in a 10−3 M serotonin solution (PBS 10−1 M, pH = 5.2). The electrochemical signal stabilized in the potential range between −0.4 and +0.7 V after recording three cycles.



Figure 6 shows the cyclic voltammograms of the sensor and biosensor in a 10−3 M serotonin solution and 10−1 M PBS (pH 5.2) at 0.1 V·s−1.



Figure 5 shows, in the case of the biosensor, two anodic peaks, with intensities of 25.76 µA at a potential of 0.091 V and 26.46 µA at a potential of 0.275 V, and two well-defined cathodic peaks, with intensities of −35.99 µA at a potential of 0.018 V and −23.47 µA at a potential of 0.217 V, corresponding to the oxidation and reduction of serotonin, favored by the presence of laccase on the surface of this modified electrode. In contrast, two anodic peaks, with intensities of 68.19 µA at a potential of −0.041 V and 112.05 µA at a potential of 0.394 V, and a single cathodic peak with an intensity of −111.8 µA at a potential of −0.166 V were obtained with the unmodified sensor. In the case of the biosensor, another anodic peak with an intensity of 78.05 µA at a potential of +0.6 V, characteristic of the determination of 5-HT due to the direct electron transfer to the T1 copper site of the laccase, was specified in the literature [69].



The biosensor was also used to record square-wave voltammograms in 10−3 M serotonin solution (Figure 7). SWV showed similar results to CV. Comparing the two voltammograms, the value of −372.02 µA of the first cathodic peak in the SWV voltammogram at the potential of 0.018 V compared to the value of −35.99 µA of the first cathodic peak in the CV voltammogram at the same potential is highlighted. The second cathodic peak in the SWV voltammogram occurred at a potential of 0.217 V with an intensity of −335.71 µA as opposed to the second cathodic peak with an intensity of −23.47 µA at the same potential in the CV voltammogram. These data indicate an increased sensitivity of the biosensor to serotonin detection using the SWV technique.



The electrochemical oxidation of serotonin is presumed to occur at the phenolic group of the molecule to form quinone, and the presence of only one reduction peak at the unmodified electrode indicates the instability of this quinone, which is thought to undergo a chemical reaction to form an easily oxidized product. It is hypothesized that this readily oxidizable product is reduced hydroquinone [70].



Oxidoreductases, such as laccase, catalyze the transfer of electrons from one molecule, the reductant (also called the electron donor), to another, the oxidant (also called the electron acceptor). This redox process is notable for the appearance of specific electrochemical signals in both working electrodes used in this study, but it is more obvious when using the laccase-based biosensor.



Laccases catalyze the oxidation of ortho- and para-diphenols, aminophenols, polyphenols, polyamines, lignins, and aryl-diamines coupled with the reduction of molecular oxygen to water [47,71]. All laccase sublayers can be divided into two groups: (I) nonproton electron donors and (II) electron–proton donors [72]. The second group (II) includes phenols and aromatic amines, for which the potential has strong dependence on the pH of the solution. Hydroxylated indoleamines, such as serotonin, can be a substrate for electron transfer reactions that create radical-generating reactions [39].



Serotonin is a potent inducer of the redox process in the presence of redox-active compounds, such as copper, at the laccase site. Serotonin is a good substrate for oxidoreductases and produces reactive oxygen via oxygenase [39].



Direct electron transfer (DET), which takes place between the laccase and the electrode surface, favors electronic coupling between the enzyme and the electrode.



Laccase acts as an electrocatalyst, simplifying the transfer of electrons between the electrode and the substrate molecule, in this case serotonin, without the involvement of any mediator [73]. Biosensors based on the direct electron transfer process are therefore more selective and less prone to interference. They can operate in a potential range close to that of the enzyme [41].



Laccase includes four copper atoms: T1, T2, and two T3 atoms due to their spectroscopic properties. With higher potential values, the T1 copper center of the laccase can be reduced by phenol-derived compounds, one-electron redox mediators, and direct electron transfer from the electrodes [45,46].



In line with the above explanations, a laccase-catalyzed serotonin oxidation mechanism involving the transfer of two electrons and two protons in two steps, forming a quinone derivative, has been proposed (Figure 8).



Next, the influence of the scanning rate on the voltammetric response of the sensor and biosensor in a 10−3 M serotonin solution and 10−1 M PBS (pH 5.2) at a scanning rate between 0.1 and 1 V·s−1 was investigated. Figure 9 shows the obtained results.



Laccase catalyzes the entire redox process of serotonin through the active surface of the electrode. Observing the cyclic voltammograms obtained with OMC-SPE and OMC-SPE/Lac, we found that a more obvious change occurs at the level of the cathodic peak.



In the case of the biosensor, a shift to the left of the cathodic peak potential was observed, a sign that the reduction process requires a lower activation energy [48,75].



Thus, the cathodic peak currents (Ic) of the two electrodes were plotted versus the scan rate. In the case of the biosensor, the cathodic peak occurring at a potential of +0.012 V was considered. A linear dependence between the cathodic peak intensities and the scan rate was observed (Figure 10), demonstrating that the redox process of serotonin is controlled by electron transfer. Taking this into account, the Laviron equation was used to calculate the degree of surface coverage with the electroactive species (Γ).


   I c  =    n 2   F 2  Γ A v   4 R T    











The values shown in Table 3 indicate a higher Γ value for the OMC-SPE/Lac electrode compared to the unmodified OMC-SPE electrode, proving that the electron transfer-controlled redox process is faster in the case of the biosensor.




3.5. Realization of the Calibration Curve


The influence of serotonin concentration on the electrochemical response of the biosensor was studied by square-wave voltammetry. Specifically, OMC-SPE/Lac was immersed in a PBS solution (pH = 5.2) to which different volumes of 10−3 M serotonin stock solution were successively added, and a square-wave voltammogram was recorded after each addition. The investigated concentration range was 0.1–10.48 µM. Stable and reproducible SWV signals were obtained for all analyzed solutions. A linear increase of Ic with increasing concentrations in the range 0.1–1.2 µM was observed, after which a maximum of the biosensor response was reached, at which the biosensor response did not change with increasing serotonin concentration. This is due to the depletion of the enzyme’s active centers.



The calibration line was plotted over the range in which Ic increased linearly with concentration, i.e., 0.1–1.2 µM. The plot of the dependence between Ic values and concentrations over the range of 0.1–1.2 µM shows a linear dependence, and the correlation coefficient has a value of 0.9937, which is close to the ideal value of 1. From the slope of the calibration line in this concentration range, the limits of detection and quantification were calculated.



Figure 11 shows zoom of the cathodic peak zone of the square-wave voltammograms registered with OMC-SPE/Lac immersed in serotonin solutions in the range of 0.1–10.48 μM (a), the dependence between cathodic peak currents and the concentration of serotonin in the range of 0.1–10.48 μM (b), and the linear fits in the range of 0.1–1.2 μM (inset b) for OMC-SPE/Lac.



The detection limit was calculated to be 3 σ/m, and the quantification limit was calculated to be 10 σ/m, where m is the slope of the calibration equation and σ is the standard deviation (n = 7) [48,76,77] of the voltammetric signals corresponding to the lowest concentration.



The low LOD value of the biosensor shows a performance comparable to results obtained with other modified electrodes. These results are shown in Table 4:



Using the calibration data, the Imax (108.69 V) was determined and plotted as log[I/(Imax − I)] vs. log[serotonin]. The slope of the obtained line represents the Hill coefficient (h). In the case of OMC-SPE/Lac, the Hill coefficient had a value of 0.90 (R2 = 0.952) for the reduction process of the quinone derivative obtained from the enzymatic reaction at the biosensor surface. Given that the h-value is close to 1, the overall process at the biosensor surface exhibits Michaelis–Menten kinetics. The subunit value reflects a negative cooperative effect between the occupied active zones on the OMC-SPE/Lac surface. Therefore, the Lineweaver–Burk equation was used to calculate the Michaelis–Menten constant:


   1 I  =  1   I  m a x     +    K M  a p p      I  m a x    [ S ]     








where I is the cathode current, Imax is the steady-state current,    K M  a p p     is the apparent Michaelis–Menten constant, and [S] is the substrate concentration. From the ordinate of the origin, the value of Imax was calculated, and from the slope of the line, the value of    K M  a p p     was calculated. The characteristic parameters of OMC-SPE/Lac for serotonin are given in Table 5.



The low value of the Michaelis–Menten constant indicates that the affinity between laccase and serotonin is strong for the biosensor.




3.6. Stability, Repeatability and Interference Studies


The stability of the OMC-SPE/Lac biosensor was investigated by performing 50 cyclic voltammetry measurements using a 10−6 M serotonin solution. The results indicated that the biosensor maintained its stability throughout the determinations, with no significant differences between the cathodic currents considered.



Solutions of different concentrations of several amino acids found with serotonin in commercial products, e.g., tyrosine, tryptophan, and phenylalanine, were used in the interference studies. The results in Table 6 indicate that the corresponding serotonin peaks do not change significantly due to the added interferents.




3.7. Determination of Serotonin from Real Samples


Considering the superior properties of OMC-SPE/Lac, this biosensor has been used in the following analyses for the quantitative determination of serotonin in dietary supplements (Now Foods, Bio Raw Foods, and Haya Labs). The contents of the capsules were dissolved and homogenized to obtain solutions. These solutions were analyzed with the OMC-SPE/Lac biosensor by square-wave voltammetry. The results from the voltammetric method were compared with those from the FTIR method to validate the electrochemical method for the serotonin analysis of real samples.



The square-wave voltammograms recorded with OMC-SPE/Lac shown in Figure 11 indicate the reduction peak of serotonin in the solution to be analyzed, which occurred at the same potential value (0.018 V) as in the standard samples. The second peak observed in SWV was due to the L-Dopa present in the natural product. The manufacturer indicates the presence of this compound in the analyzed samples, and it was determined in a previous study [83].



Figure 12 shows the square-wave voltammograms of the OMC-SPE/Lac introduced into solutions of different concentrations of Now Foods, Bio Raw Foods, and Haya Labs products.



The most intense cathodic peak current was used to quantify serotonin from the dietary supplements mentioned above. Table 7 shows the obtained results.



The feasibility and accuracy of the voltammetric method was verified with the FTIR spectrometric method.



FTIR is an analytical test application generally used to identify the chemical properties of substances/materials. Similar to other substances, serotonin, through its functional groups, generates a unique spectral imprint and is easy to identify. Studying the obtained spectrum, the wavelength of 3285 cm−1 was selected as being representative of the presence of serotonin. Making a calibration curve with the help of the absorbents measured for different concentrations of serotonin, the quantification of the biogenic amine from the selected real samples was achieved. The quantitative determination of some analytes has often been reported in the literature [48,84,85]. Figure 13 shows the FTIR spectra of analyzed samples from Now Foods, Bio Raw Foods, and Haya Labs food supplements.



The results obtained by the FTIR method are close in value to those from square-wave voltammetry using the OMC-SPE/Lac biosensor.





4. Conclusions


In this work, the electrochemical performance of a novel screen-printed carbon-based electrode modified with laccase (OMC-SPE/Lac) was studied and compared with that of an unmodified carbon-based screen-printed electrode (OMC-SPE). Electrochemical process kinetics studies confirmed the superiority of the OMC-SPE/Lac biosensor over the unmodified OMC-SPE sensor, and consequently it was used for the quantitative determination of serotonin in three dietary supplements. The FTIR spectrometric method was used in the validation step, and it confirmed the accuracy of the voltammetric method, which obtained similar results.
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Figure 1. FTIR analysis of OMC-SPE (a), glutaraldehyde (25% aqueous solution) (b), and OMC-SPE/Lac (c). 






Figure 1. FTIR analysis of OMC-SPE (a), glutaraldehyde (25% aqueous solution) (b), and OMC-SPE/Lac (c).



[image: Chemosensors 10 00365 g001]







[image: Chemosensors 10 00365 g002 550] 





Figure 2. Cyclic voltammograms of (a) OMC-SPE and (b) OMC-SPE/Lac immersed in 0.1 M PBS (pH 5.2) at a 0.1 V·s−1 scan rate. 
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Figure 3. Cyclic voltammograms recorded of (a) OMC-SPE and (b) OMC-SPE/Lac immersed in a 10−3 M catechol solution and 0.1 M PBS at a 0.1 V·s−1 scan rate. 
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Figure 4. CVs of OMC-SPE (a) and OMC-SPE/Lac (b) in a 10−3 M catechol solution and 0.1 M PBS at different scanning rates (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 V·s−1). 
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Figure 5. Linear dependence between anode current intensity and square root of scan rate for OMC-SPE (a) and OMC-SPE/Lac (b). 
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Figure 6. Cyclic voltammograms of OMC-SPE (a) and OMC-SPE/Lac (b) immersed in a 10−3 M serotonin solution and 0.1 M PBS at a 0.1 V·s−1 scan rate. 
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Figure 7. Square-wave voltammogram of OMC-SPE/Lac recorded in a 10−3 M serotonin solution and 0.1 M PBS. 
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Figure 8. Electrochemical oxidation of serotonin [74]. 
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Figure 9. CVs recorded by OMC-SPE (a) and OMC-SPE/Lac (b) in a 10−3 M serotonin solution and 0.1 M PBS at different scan rates (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 V·s−1). 
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Figure 10. Linear dependence between cathodic current and scanning rate for OMC-SPE (a) and OMC-SPE/Lac (b). 
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Figure 11. (a) Zoomed-in view of the cathodic peak zone of the square-wave voltammograms registered with OMC-SPE/Lac immersed in serotonin solutions with the concentrations in the 0.1–10.48 μM range; (b) Ic versus concentration in the range between 0.1 and 10.48 μM. Inset (b) shows the range of 0.1–1.2 μM (b) for OMC-SPE/Lac. 
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Figure 12. Square-wave voltammograms of OMC-SPCE/Lac immersed in solutions of (a) Bio Raw Foods, (b) Haya Labs, and (c) Now Foods products containing different amounts: 0.015 g (black line), 0.035 g (red line), 0.055 g (green line), with each amount dissolved in 50 mL of 10−1 M PBS (pH 5.2). 
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Figure 13. FTIR spectra of analyzed samples from Now Foods (a), Bio Raw Foods (b), and Haya Labs (c) dietary supplements. 
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Table 1. Electrochemical parameters obtained by the two sensors after immersion in 10−3 M catechol and a 10−1 M PBS solution.
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	Sensor
	Ia1 (µA)
	Ic2 (µA)
	Ic/Ia
	Epa3 (V)
	Epc4 (V)
	E1/25 (V)
	ΔE 6 (V)





	OMC-SPE
	58.95
	−49.34
	0.83
	0.135
	0.105
	0.170
	0.130



	OMC-SPE/Lac
	88.08
	−56.76
	0.64
	0.482
	0.299
	0.390
	0.183







1 Anodic peak current; 2 cathodic peak current; 3 anodic peak potential; 4 cathodic peak potential; 5 half-wave potential E1/2 = (Epa + Epc)/2; 6 ΔE = Epa − Epc.
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Table 2. Linear fit equation, R2, active surface area, and roughness factor of the two sensors.
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	Electrode
	Ipa vs. v1/2
	R2
	A (cm2)
	Roughness Factor





	OMC-SPE
	Ipa (A)= 3.15 × 10−4 v1/2(V·s−1)1/2 − 4.53 × 10−5
	0.9944
	0.144
	1.146



	OMC-SPE/Lac
	Ipa (A) = 4.40 × 10−4 v1/2(V·s−1)1/2 − 6.26 × 10−5
	0.9962
	0.201
	1.600
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Table 3. Linear equation and degree of surface coverage with electroactive species.






Table 3. Linear equation and degree of surface coverage with electroactive species.





	Electrode
	Linear Equation
	R2
	Γ (mol·cm−2)





	OMC-SPE
	I = −1.053 × 10−4v −8.111 × 10−5
	0.9944
	3.09 × 10−10



	OMC-SPE/Lac
	I = −2.596 × 10−4v −1.852 × 10−5
	0.9959
	5.45 × 10−10
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Table 4. Main modified sensors used for serotonin determination with different voltammetric techniques.
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	Modified Electrode
	Detection Technique
	Linearity
	LOD
	Ref.





	rGO-Ag2Se (1)
	DPV
	0.1–15 µM
	29.6 nM
	[32]



	GCE/CNFs (2)
	DPV
	0.1–10 µM
	250 nM
	[78]



	MWCNT (3) doped with Ni, Zn, and Fe
	CV, SWV
	0.006–62.8 μM
	118 nM
	[79]



	Fe3O4NPs-MWCNT-poly(BOG) (4)
	DPV
	0.5–100 µM
	80 nM
	[80]



	MWCNT/CHT (5)
	CV, DPV
	0.05–16 µM
	50 nM
	[81]



	Pt-E/bisEDOTDTSi/Lac (6)
	CV
	0.1–200 µM
	48 nM
	[39]



	RGO/Co3O4 nanocomposite (7)
	CV, DPV
	0.1–51 µM
	48.7 nM
	[82]



	OMC-SPE/Lac
	SWV
	0.1–1.2 µM
	316 nM
	This work







(1) reduced graphene oxide-silver selenide. (2) glassy carbon electrode (GCE)/carbon nanofibers (CNFs). (3) multiwall carbon nanotube (MWCNT). (4) Fe3O4 nanoparticles–multiwall carbon nanotubes–poly(bromocresol green). (5) multiwall carbon nanotube/chitosan. (6) platinum electrode/bis(3,4-ethylenedioxythiophene)-4-methyl-4-octyl-dithienosilole/laccase. (7) reduced graphene oxide/cobalt oxide nanocomposite.
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Table 5. OMC-SPE/Lac characteristic parameters for serotonin.
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Studied Compound

	
OMC-SPE/Lac




	
h (Hill Coefficient)

	
Imax/μA

	
     K M  a p p   / μ M    






	
Serotonin

	
0.90

	
108.6957

	
0.01087











[image: Table] 





Table 6. Interference of chemically related substances in the detection of serotonin concentration (10−6 M).
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	Interfering Compound
	Concentration/M
	Recovery/%
	RSD/%
	Tolerance Limit/M (Concentration of Interferent That Determined an RSD of 5%)





	Tyrosine
	10−5
	99.8
	2.7
	1.85 × 10−5



	Tryptophan
	10−5
	97.4
	3.2
	1.56 × 10−5



	Phenylalanine
	10−5
	100.2
	2.9
	1.72 × 10−5
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Table 7. Serotonin concentrations obtained by FTIR and voltammetric methods.
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	Food Supplement
	c% Serotonin

FTIR Method
	c% Serotonin

Voltammetric Method





	Now Foods
	1.42
	1.50



	Bio Raw Foods
	1.25
	1.52



	Haya Labs
	1.48
	1.44
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