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Abstract

:

The present work reports the development and application of an amperometric biosensor based on carbon paste electrode modified with laccase enzyme, glutaraldehyde, and gold nanoparticles (Lac-Glu-AuNPs/CPE) for the determination of the neurotransmitter dopamine (DA). The materials were characterized morphologically and chemically using scanning electron microscopy (SEM), transmission electron microscopy (TEM), and cyclic voltammetry. Optimization studies were performed in order to determine the optimal amount of enzyme and pH level that can yield the best conditions of analysis. The application of the biosensor in optimal conditions using the amperometric technique yielded a linear concentration range of 8.0 × 10−7–6.2 × 10−5 mol L−1 with a limit of detection of 6.0 × 10−8 mol L−1. The proposed biosensor was successfully applied for the determination of DA in biological and environmental samples. In addition, the application of the biosensor for the conduct of electrochemical measurements showed that the sensing device has good repeatability and stability, and it does not suffer from matrix interference effects. The proposed biosensor exhibited an analytical signal of 85% after 10 days of consecutive use.
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1. Introduction


The dramatic rise in global population and the massive advances in medicine and drugs manufacturing have resulted in widespread use and often unbridled consumption of pharmaceutical products worldwide. Numerous pharmaceutical products are manufactured and consumed daily, and these products are discarded in the aquatic environment through domestic sewage and industrial effluents which are not properly treated. The rampant disposal of these pharmaceutical products in water bodies leads to environmental pollution, which poses serious risks to both human and animal health, as well as to the aquatic biota. These pharmaceutical products, composed of chemical or natural compounds, which find their way into the aquatic environment through human and industrial activities are referred to as emerging pollutants. The persistence and/or toxicity of these pollutants in water bodies can alter the metabolism of living beings [1,2].



Dopamine (DA) is a monoaminergic neurotransmitter, from the catecholamine and phenylethylamine family, which plays different important roles in the body. This neurotransmitter is particularly important for the proper functioning of the cardiovascular, renal, and hormonal systems [3,4]. The monitoring of DA in human body is essentially important as it helps in the diagnosis of health problems or neuropsychiatric disorders such as the Parkinson’s disease and Schizophrenia.



Thus, the detection and quantification of this compound is of extreme importance for the preservation of human health and for environmental monitoring since the effects of the bioaccumulation of these neurotransmitters in aquatic animals, such as fish and other aquatic organisms. A wide range of techniques have been employed for the detection of dopamine in different matrices; the techniques applied have included spectrophotometry, chromatography, electrochemiluminescence, and electrochemical methods [5,6,7,8,9,10]. Among the aforementioned techniques employed for dopamine determination, electrochemical methods have proven to be essentially outstanding due to the following advantages that they possess over other techniques: (i) The methods exhibit relatively higher sensitivity with excellent repeatability and good stability; (ii) they require fewer or no sample preparation steps; and (iii) they are relatively less expensive to implement [11]. A wide range of materials can be used for the development of electrochemical sensors and biosensors; these include metal nanoparticles (Au, Pt, Ag), carbon materials (graphite and nanodiamond), enzymes (laccase, peroxidase), and so forth.



Laccases or multicopper oxidase enzymes are produced by different types of bacteria, insects, and fungi [12,13]. These enzymes catalyze the oxidation of a variety of phenolic compounds, which is followed by the reduction of molecular oxygen to water [14]. The development of biosensors occurs through the direct transfer of electrons between the electrode surface and the copper atoms present in the laccase [15]. Portaccio et al. [16] developed a biosensor based on laccase-thionine-carbon black modified screen-printed electrode for the determination of Bisphenol A in tomato juice samples; the authors obtained satisfactory results with recovery percentages of approximately 100%.



Carbonaceous materials have several important properties that make them extremely attractive for application in the fabrication of sensors. Among the suitable properties of carbonaceous materials include the following: high electrical conductivity and surface area, fast electronic transfer, and wide potential range; in addition to that, carbonaceous materials can be modified with other materials to form films or folders [17,18,19]. Although a wide range of carbon-based electrodes can be used for the construction of sensors, carbon paste electrodes (CPEs) have been found to be remarkably outstanding due to their practicality; this is because after using a CPE-based sensor for analysis, the sensor surface can be renewed by simply polishing the surface, and this helps to save preparation time. The use of metal nanoparticles as electrode modifying agents in the development of biosensors has been found to help improve the electronic transfer between the analyte and the electrode [20]. Gold nanoparticles (AuNPs) are highly efficient metal nanoparticles which are commonly employed for the construction of electrochemical biosensors due to their excellent biocompatibility [21]. In an important review on sensing devices published in the literature, Pingaron et al. [22] presented recent advances in the construction of electrochemical biosensors using gold nanoparticles. Among the types of biosensors reported in the review included enzyme biosensors, immunosensors, and DNA sensors [22].



In the present work, we report the development and application of an electrochemical biosensor, based on carbon paste electrode (CPE) and AuNPs modified with laccase enzyme and glutaraldehyde, for the detection of dopamine in environmental and biological fluid samples.




2. Materials and Methods


2.1. Reagents and Solutions


The following reagents and solutions employed in the experiments were acquired from Sigma Aldrich, St. Louis, MO, USA: laccase (≥50 U mg−1 of solid) from trametes versicolor, dopamine (DA), graphite powder (<20 µm), glutaraldehyde (25% v/v in water), citrate sodium, mineral oil, HAuCl4.3H2O, KCl, NaCl, KH2PO4, CaCl2, NH4Cl, and urea. All the aforementioned materials and the other reagents used in the experiments were of analytical grade (purity ≥ 98%). All the solutions used in the experiments were prepared with ultrapure water (resistivity not less than 18 MΩ cm) obtained from a Milli-Q Direct-0.3 purification system (Millipore, Burlington, MA, USA).



About 0.1 mmol L−1 DA stock solution was prepared by dissolving 3.06 mg of DA in 2.0 mL of ultrapure water.




2.2. Apparatus


The electrochemical measurements were performed using a potentiostat/galvanostat Autolab model PGSTAT-30 (Utrecht, The Netherlands) controlled by the GPES 4.9 software (Eco Chemie) fitted to a 10 mL electrochemical cell which consisted of three electrodes: Ag/AgCl/KCl (3.0 mol L−1) reference electrode, a platinum wire used as counter electrode, and carbon paste electrode (CPE) (2.5 mm diameter) used as the working electrode.



The pH measurements were performed using Orion Expandable Ion Analyzer (model EA-940, USA), with the combined application of a glass electrode and Ag/AgCl/KCl (3.0 mol L−1) external reference electrode.



Morphological characterization of the materials were evaluated using images acquired with a gun scanning electron microscopy (SEM) (Oxford, model X-ACT microscope), and transmission electron microscopy (TEM) images were obtained with a JEOL transmission electron microscope.




2.3. Preparation of the Gold Nanoparticles


Gold nanoparticles (AuNPs) were synthesized based on the technique described by Ojea-Jimenez [23]. An amount of approximately 2.0 × 10−4 mol HAuCl4 was added in a 200 mL of deionized water at a temperature of 85 °C. After that, 0.12 mol of sodium citrate was added to the mixture, which was subjected to stirring for 4 min. Subsequently, the solution was placed in an ice bath until it reached room temperature (25 °C). The color change of the solution from yellow to red was visible during cooling. This abrupt color change indicated the formation of AuNPs.




2.4. Preparation of the Biosensor Using Laccase Enzyme, AuNPs, and Glutaraldehyde


The biosensor was prepared by mixing AuNPs, graphite (Gr), and mineral oil in different proportions, where the optimal proportions obtained were as follows: 1.0 mL of AuNPs solution, 100 mg of Gr powder, and 3 drops (45 µL) of mineral oil. The preparation procedure involved mixing 100 mg of Gr powder with 1.0 mL of AuNPs solution, and placing the mixture to dry in an oven at 80 °C. After drying, 3 drops of mineral oil were added to the mixture, and this yielded the AuNPs-modified carbon paste material. The modified carbon paste was placed in a Teflon® tube (Ø = 3 mm) and compacted by pressing it against a smooth surface, obtaining the modified carbon paste electrode; after that, the paste on the electrode surface was then polished by rubbing it on a clean paper (A4 sheet). Subsequently, laccase solution (10 mg mL−1) was prepared and 8.0 µL (4 U by electrode) of this solution was added on the surface of the modified carbon paste electrode. After 30 min, the electrode was dipped in a 0.2% v/v glutaraldehyde (Glu) solution three times, and was left to dry at 25 °C for 30 min. Finally, the Lac-Glu-AuNPs/CPE was washed to remove any excess of reagent before using it in the electrochemical system [24]. A schematic view of the biosensor preparation is shown in Figure 1.




2.5. Preparation of the Synthetic Urine, Bovine Serum and River Water Samples


River water samples were obtained from a river located in the city of São Carlos (São Paulo State, Brazil). The river water samples were collected from different points of the river with the aid of a flask coupled to a rod. The water collected (1.0 L) was filtered to remove any solid particles and was transferred into amber polyethylene vials and stored in a refrigerator at approximately 2 °C. The synthetic urine sample was prepared in a volumetric flask of 25 mL capacity by mixing the following reagents: 2.0 × 10−2 mol L−1 KCl; 4.9 × 10−2 mol L−1 NaCl; 1.5 × 10−2 mol L−1 KH2PO4; 1.0× 10−2 mol L−1 CaCl2; 1.8 × 10−2 mol L−1 NH4Cl; and 1.8 × 10−2 mol L−1 urea. The flask volume was filled up with ultrapure water [25]. The serum samples were prepared using commercial bovine calf serum obtained from Sigma-Aldrich.



The different types of samples prepared were divided into 10 mL flasks, and aliquots of 0.01 mol L−1 DA standard solutions were judiciously added into each flask. Finally, an amount of 100 µL of the mixture was placed into the electrochemical cell in the presence of the supporting electrolyte (pH 7.0 phosphate buffer solution). The electrochemical analysis was then performed using the Lac-Glu-AuNPs/CPE sensor.





3. Results and Discussion


3.1. Morphological Characterization of the Materials


The materials were characterized by field emission gun-scanning electron microscopy (FEG-SEM) and transmission electron microscopy (TEM). The FEG-SEM and TEM images of (A) Gr, (B) AuNPs-Gr (C–F) AuNPs, and (D) Lac-Glu-AuNPs/CPE are shown in Figure 2. As can be seen in Figure 2A, the Gr has a block-like structure, which is typically characteristic of this material. Figure 2B shows the mixture composed of Gr and AuNPs, where several AuNPs (grains) can be found highly dispersed over the Gr (plates). Figure 2C shows the image of the AuNPs. Figure 2D shows the morphology of the product obtained by mixing all the materials used in the construction of the proposed sensor (Lac-Glu-AuNPs/CPE). Finally, Figure 2E shows the average size of the AuNPs obtained by TEM image and in Figure 2F, the corresponding histogram of AuNPs diameters with an average diameter of 15 nm.




3.2. Using the Lac-Glu-AuNPs/CPE Biosensor for the Analysis of the Electrochemical Behavior of Dopamine


The application of the cyclic voltammetry technique enabled us to effectively and conveniently evaluate the electrochemical response of DA on the surface of the Lac-Glu-AuNPs/CPE. Figure 3 shows the cyclic voltammograms obtained from the application of the Lac-Glu-AuNPs/CPE (a), AuNPs/CPE (b), and CPE (c) in the presence of DA and without the addition of DA (inserted), in the potential range of −0.30 to 0.40 V. The electrochemical response of DA was confirmed by the appearance of an anodic peak current at the potential of 0.2 V, where DA is oxidized to o-quinone on biosensor surface, and the current resulting from the process toward enzyme-catalyzed DA oxidation was proportional to the DA concentration. As can be clearly observed, the modification of the sensor with AuNPs and laccase led to a noticeable improvement in the electrochemical signal. The anodic peak current obtained for the Lac-Glu-AuNPs/CPE was 1.4 and 2.0 times higher than that of AuNPs/CPE and CPE, respectively. These results point to the catalytic effect of the laccase enzyme and AuNPs on DA oxidation on the electrode surface.




3.3. Optimization of the Lac-Glu-AuNPs/CPE Sensor


First, an analysis was conducted in order to evaluate the optimal concentration of AuNPs solution which should be incorporated into the carbon paste electrode so as to obtain optimum results. This analysis was carried out based on the application of 0.50, 1.0, and 1.5 mL of AuNPs (Figure 4A) solution in 100 mg of Gr, followed by the addition of mineral oil in order to obtain the modified carbon paste electrode. The results obtained from this test showed that 1.0 mL of AuNPs solution was the optimal concentration that yielded the best results. Subsequently, further optimization studies were conducted in order to evaluate the optimal amount of enzyme and the optimal percentage of glutaraldehyde needed to be incorporated into the biosensor so as to obtain the best results. To perform this analysis, we tested the following enzyme concentrations: 5.0, 7.5, 10, and 12.5 mg mL−1 (Figure 4B) and the following glutaraldehyde percentages: 0.10, 0.15, 0.20, and 0.25% v/v (Figure 4C). The optimal enzyme concentration and glutaraldehyde percentage obtained from the optimization studies conducted were 10 mg mL−1 and 0.20% v/v, respectively. These optimal values were then employed for the conduct of all further experiments.



For the analysis of the sensor sensitivity in electrochemical detection, the response of the proposed biosensor to DA was evaluated relative to applied potential based on the application of the amperometric technique using phosphate buffer solution (pH 7.0) as supporting electrolyte. As can be seen in Figure 4D, the highest peak current magnitude was obtained at the potential of 0.3 V; thus, this working potential was applied in subsequent amperometric measurements.



We then analyzed the effect of pH by varying the pH level from 5.0 to 9.0 using 0.1 mol L−1 phosphate buffer solution; this analysis was performed taking into account the electrochemical signals obtained from the amperometric measurements. The results obtained showed that the buffer solution at pH 7.0 presented the best conditions (Figure 4E); as such, this pH value was chosen for the conduct of further studies.




3.4. Amperometric Determination of Dopamine


Through the application of the amperometric technique, a thorough analysis was performed in order to evaluate the electrochemical efficiency of the Lac-Glu-AuNPs/CPE biosensor in the electrocatalytic oxidation of DA; this analysis was conducted under optimized conditions using 0.1 mol L−1 phosphate buffer solution (pH = 7.0) in the presence of different concentrations of DA. As can be seen in Figure 5, a well-defined response was obtained from the successive addition of DA in the supporting electrolyte. Moreover, no electrode deactivation was observed during the amperometric analysis. The application of the amperometric technique at the potential of 0.2 V yielded a linear concentration range of 8.0 × 10−7 to 6.2 × 10−5 mol L−1 for DA, with limit of detection (LOD) of 6.0 × 10−8 mol L−1 and a signal-to-noise ratio of 3 (S/N = 3). The relationship between the current and the concentration of DA is shown in Equation (1) below:


Ip (μA) = 0.019 + 0.018[DA] (µmol L−1) (r = 0.998)



(1)







Table 1 shows a comparative analysis of the analytical performance/efficiency of the Lac-Glu-AuNPs/CPE sensor and other sensors reported in the literature applied for the determination of DA [26,27,28,29,30,31,32,33,34,35]. Looking at the data in Table 1, one will observe that the proposed Lac-Glu-AuNPs/CPE biosensor presented linear concentration range and limit of detection (LOD) quite similar to the values obtained for other sensors reported in the literature. Compared to the other sensors reported in the literature, the main advantages of the Lac-Glu-AuNPs/CPE biosensor lie in the following: (i) The biosensor is easy to prepare; (ii) the sensor can be used to perform consecutive analyses by simply polishing its surface; (iii) the biosensor presents excellent repeatability, good stability, and high selectivity, as will be shown in the sequence.



In order to demonstrate the enzymatic behavior of the biosensor, DA concentration was added successively, as shown in Figure 6. This analysis gave rise to a saturation behavior, which is a typical behavior reflected in a Michaelis–Menten plot; thus, based on the application of the Lineweaver–Burk plot, the apparent Michaelis–Menten constant (  K  m  M M   a p p    ) was calculated using Equation (2) below [36,37]:


   1 V  =   K m + [ S ]    V max  × [ S ]   =   K m    V max    ×  1  [ S ]   +  1   V max     



(2)




where V is the reaction velocity, Km is the Michaelis–Menten constant, Vmax is the maximum reaction velocity, and [S] is the substrate concentration. The linear regression equation of the ΔIp−1 vs. [DA] plot was ΔIp−1 (μA) = 8.3 × 104 + 3.8 [DA]−1. The value obtained for Michaelis–Menten constant was 4.5 × 10−5 mol L−1; this value indicated a high affinity of the immobilized enzyme for the substrate. Moreover, the   K  m  M M   a p p     value obtained was found to be comparable to those obtained in other studies reported in the literature [36,37].



The proposed electrochemical mechanism of action involving dopamine and laccase enzyme is based on the catalysis of dopamine oxidation reaction in the o-quinone, which is followed by the reduction of the oxygen molecule [17] (Equation (3)). To demonstrate the occurrence of this electrochemical reaction, electrochemical experiments were performed in the absence of oxygen. The results obtained showed that the presence of oxygen in the medium is essential for the reaction to occur.


  Dopamine +  O 2         laccase   enzyme   →      o -quinone +  H 2  O   ( reaction )  



(3)








3.5. Study of Repeatability and Interference Effects


The analysis of repeatability and selectivity of the Lac-Glu-AuNPs/CPE biosensor was performed using 0.1 mol L−1 phosphate buffer (pH 7.0) in the presence of DA concentrations of 1.0 × 10−5 mol L−1 and at Eapl of 0.2 V. To evaluate the repeatability of the proposed sensor, ten consecutive amperometric measurements were performed. The relative standard deviation (RSD) obtained from this analysis was 2.5%; this result shows that the analytical method proposed in this study exhibits excellent precision and repeatability when applied toward the detection of DA. Furthermore, it is worth mentioning that after polishing the Lac-Glu-AuNPs/CPE sensor, a similar RSD was obtained; this outcome points to the considerable homogeneity of the modified carbon paste material.



The selectivity of the proposed biosensor was evaluated through the addition of different concomitants (Cd2+, Pb2+, nimesulide, urea, humic acid, glucose, caffeine, uric acid and ascorbic acid) as possible interferents in the DA detection process. Figure 7 shows the amperometric response obtained for DA, Cd2+, Pb2+, humic acid, urea, nimesulide, caffeine, glucose, uric acid, and ascorbic acid applied in the ratio of 1:10 (analyte: concomitant). As can be clearly seen, among the analyzed compounds, only DA and ascorbic acid showed an electrochemical response. Therefore, ascorbic acid is a potential interferent in the proposed method for DA. The electrochemical experiments were conducted in phosphate buffer solution at pH 7.0.




3.6. Biosensor Stability after Storage


The stability of the biosensor was evaluated after the storage of the device in a refrigerator at 5 °C for 10 days; this analysis was conducted using phosphate buffer solution at pH 7.0 (as supporting electrolyte). The results obtained from this analysis (see Figure 8) showed that, after the 10-day period, the electrochemical response of the biosensor dropped to 85% compared to its initial response. It should be emphasized that after polishing the electrode, its surface is renewed, and this allows one to perform various consecutive electrochemical analyses with the electrode.




3.7. Application of the Proposed Amperometric Biosensor in Synthetic Urine, Bovine Serum and Water Samples


To check the effectiveness of the proposed amperometric method, the Lac-Glu-AuNPs/CPE biosensor was applied for the determination of DA in synthetic urine, serum, and river water samples. These samples were fortified with two known concentration levels (0.5 and 5.0 × 10−6 mol L−1) of DA (Table 2). The results obtained from the experiments performed in triplicate (n = 3) showed that the application of the sensor yielded recovery percentages between 95 and 105%, in all cases. These results show that the proposed biosensor is reliable and is an efficient analytical alternative tool for the determination of DA. Essentially, the biosensor can be used for the successful determination of DA in different matrices without any interference effects caused by the presence of other compounds.





4. Conclusions


The present study reported the development and application of a highly efficient biosensor, which was constructed based on the immobilization of laccase in carbon paste electrode modified with gold nanoparticles, for the amperometric determination of DA. The Lac-Glu-AuNPs/CPE biosensor is relatively easy to prepare and possesses quick analytical response; apart from that, the sensor has high reproducibility, excellent selectivity, and good stability. Another key advantage of the proposed biosensor is that it can be used to perform numerous analyses over a long period of time by simply polishing the electrode surface with clean paper and modifying it with laccase and glutaraldehyde. All these properties make the sensing device an effective alternative tool for DA determination in biological and environmental fluid samples.
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Figure 1. Illustrative scheme showing the procedures involved in the preparation of the biosensor. 
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Figure 2. FEG-SEM images of graphite (A), AuNPs-Gr (B), AuNPs (C), and the Lac-Glu-AuNPs/CPE biosensor (D). TEM image of (E) AuNPs and (F) corresponding histogram of AuNPs diameters. 
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Figure 3. Cyclic voltammograms obtained from the application of (a) Lac-Glu-AuNPs/CPE, (b) AuNPs/CPE, and (c) CPE in 0.1 mol L−1 phosphate buffer solution (pH 7.0) employed as supporting electrolyte in the absence (inserted) and presence of 1.0 × 10−4 mol L−1 DA; scan rate (v) = 50 mV s−1. Inserted: cyclic voltammogram in the absence of AD. 
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Figure 4. Effect of the amount of (A) AuNPs, (B) enzyme and (C) glutaraldehyde on the biosensor response for 1.0 × 10−5 mol L−1 DA in 0.1 mol L−1 phosphate buffer solution (pH = 7.0) at a potential of 0.3 V. (D) Effect of the applied potential of 0.25, 0.30 and 0.35 V on the biosensor response for 1.0 × 10−5 mol L−1 DA in 0.1 mol L−1 phosphate buffer solution (pH = 7.0) and 10 mg mL−1 laccase concentration. (E) pH effect on the biosensor response for a 2.0 × 10−5 mol L−1 DA in 0.1 mol L−1 phosphate buffer at an applied potential (Eapp) of 0.3 V and 10 mg mL−1 laccase concentration (4 U by electrode). 
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Figure 5. Amperograms obtained from the application of the Lac-Glu-AuNPs/CPE biosensor using 0.1 mol L−1 phosphate buffer solution (pH 7.0) as supporting electrolyte in the presence of different concentrations of DA (8.0 × 10−7–6.2 × 10−5 mol L−1), with Eapl of 0.3 V. Inset: corresponding analytical curves. 
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Figure 6. Michaelis–Menten plot obtained from the successive addition of DA (A) and Lineweaver–Burk plot (B). 
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Figure 7. Lac-Glu-AuNPs/CPE biosensor selectivity for a 2.0 × 10−5 mol L−1 DA concentration and 2.0 × 10−4 mol L−1 of the following concomitants: Cd2+, Pb2+, humic acid, urea, nimesulide, caffeine, glucose, uric acid and ascorbic acid. 
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Figure 8. Corresponding histogram of the Lac-Glu-AuNPs/CPE sensor stability analysis for a period of 10 days (n = 3). 
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Table 1. A comparative analysis of the results obtained from the application of the proposed Lac-Glu-AuNPs/CPE biosensor and other sensors reported in the literature used for the electrochemical determination of DA.
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Analyte

	
Electrode

	
Method

	
Linear Range (mol L−1)

	
LOD (mol L−1)

	
Ref.






	
Dopamine

	
Pt–Ag/Gr/GCE

	
DPV

	
1.0 × 10−7–6.0 × 10−5

	
1.2 × 10−8

	
[26]




	
K2Fe4O7/GCE

	
DPV

	
1.0 × 10−6–1.4 × 10−4

	
2.2 × 10−7

	
[27]




	
NF-CD-AuNPs/Au

	
DPV

	
5.0 × 10−8–2.0 × 10−4

	
6.0 × 10−10

	
[28]




	
MoS2-RGO/CPE

	
DPV

	
1.5 × 10−6–1.0 × 10−4

	
9.4 × 10−7

	
[29]




	
RGO-PdNPs/GCE

	
LSV

	
1.0 × 10−6–1.5 × 10−4

	
2.3 × 10−7

	
[30]




	
GO-CMF/PdSPs/GCE

	
DPV

	
3.0 × 10−7–1.96 × 10−4

	
2.3 × 10−8

	
[31]




	
GO/P(ANI-co-THI)/GCE

	
DPV

	
2.0 × 10−6–5.0 × 10−4

	
2.0 × 10−6

	
[32]




	
Tyrosinase-SWNTs-Ppy/GCE

	
Amperometry

	
5.0 × 10−6–5.0 × 10−5

	
5.0 × 10−6

	
[33]




	
Lac/Si/MWCNTs/SPE

	
DPV

	
1.3 × 10−7–8.55 × 10−5

	
4.2 × 10−7

	
[34]




	
Lac/SiO2-PA/GCE

	
Amperometry

	
9.9 × 10−7–1.03 × 10−4

	
2.6 × 10−7

	
[35]




	
Lac-Glu-AuNPs/CPE

	
Amperometry

	
8.0 × 10−7–6.2 × 10−5

	
6.0 × 10−8

	
This work








Pt-Ag = platinum–silver; Gr = graphene; GCE = glassy carbon electrode; K2Fe4O7 = potassium ferrite; NF = Nafion; CD = β-cyclodextrin; MOS2 = molybdenum sulfide; PbNPs = lead nanoparticles; RGO = reduced graphene oxide; GO = graphene oxide; CMF = cellulose microfiber; PdSPs = spindle-like palladium nanostructures; P(ANI-co-THI) = poly(aniline-co-thionine) nanocomposite; PA = phytic acid; SWNTs = single wall carbon nanotubes; Ppy = polypyrrole.
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Table 2. Using the Lac-Glu-AuNPs/CPE biosensor for dopamine determination in river water, synthetic urine and serum samples.
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Matrices

	
Added

(mol L−1)

	
Proposed Method (mol L−1)

	
Recovery **

(Sensor, %)




	
Found *






	
Urine

	
5.0 × 10−7

	
(4.9 ± 0.2) × 10−7

	
98




	
5.0 × 10−6

	
(5.1 ± 0.1) × 10−7

	
102




	
Serum

	
5.0 × 10−7

	
(4.6 ± 0.3) × 10−7

	
92




	
5.0 × 10−6

	
(4.8 ± 0.2) × 10−6

	
95




	
River water

	
5.0 × 10−7

	
(4.7 ± 0.2) × 10−7

	
94




	
5.0 × 10−6

	
(5.0 ± 0.2) × 10−6

	
100








* Average of 3 concentrations. ** Recovery percentage = [Found/Added] × 100.
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