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Abstract

:

Accurate analysis of pesticide residue in real samples is essential for food safety and environmental protection. However, a traditional electrochemical sensor based on single-signal output is easily affected by background noise, environmental conditions, electrode diversity, and a complex matrix of samples, leading to extremely low accuracy. Hence, in this paper, a ratiometric strategy based on dual-signal output was adopted to build inner correction for sensing of widely-used carbaryl (CBL) for the first time. By comparison, Nile blue A (NB) was selected as reference probe, due to its well-defined peak, few effects on the target peak of CBL, and excellent stability. The effects of a derivatization method, technique mode, and pH were also investigated. Then the performance of the proposed ratiometric sensor was assessed in terms of three aspects including the elimination of system noise, electrode deviation and matrix effect. Compared with traditional single-signal sensor, the ratiometric sensor showed a much better linear correlation coefficient (r > 0.99), reproducibility (RSD < 10%), and limit of detection (LOD = 1.0 μM). The results indicated the introduction of proper reference probe could ensure the interdependence of target and reference signal on the same sensing environment, thus inner correction was fulfilled, which provided a promising tool for accurate analysis.
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1. Introduction


Carbaryl (CBL, 1-naphthyl-N-methyl carbamate, trade name Sevin) has been extensively used in agriculture due to its broad-spectrum efficacy to control more than 100 species of insect on crops [1]. But the presence of CBL residue in agricultural products and water is a potential hazard to consumers’ health and the environment, because it is a neurotoxin and could cause accumulation in food or water as well as bioconcentration through food chain [2,3]. Therefore, there is a crucial need for monitoring CBL residue in water and minimally processed foods such as vegetables.



So far, a variety of detection methods have been developed and used for analysis of CBL residue in food and environmental samples [4,5]. The most widely used detection approach is the sensitive and well-established chromatographic technique [6]. However, it is not suitable for on-site analysis because of expensive instruments, complicated operation, and the need for highly toxic organic solvents. Given the above disadvantages, an electrochemical sensor (ECS) becomes promising as an inexpensive, fast, portable tool for tracing pesticide residue on a large scale. Nevertheless, background electric signals of the workstation, variable environmental conditions (e.g., temperature, pH and pollutants), diversity among electrodes, and a complex matrix of samples affect the reproducibility of ECS significantly [7,8]. As it is hard to avoid these variations adopting traditional ECS with single-signal output, the ratiometric ECS (RECS) with dual-signal outputs has emerged to improve reproducibility under the inspiration of the ratiometric fluorescence approach [9,10]. RECS could eliminate various analyte-independent effects via the introduction of an inner reference signal, because the reference probe and target analyte were affected by the same sensing interface [11,12]. With the inner self-rectification calibration, the accuracy and sensitivity in pesticide residue sensing could be further improved. For instance, based on the reference signal of thionine, the RECS for imidacloprid exhibited better reproducibility and lower LOD of 17 nM than 68 nM for single-signal ECS [13]. So far, RECSs have been applied in biomolecules (e.g., dopamine [14,15], uric acid [16], glucose [17,18], DNA [19], thrombin [20], DNA [21,22]), enzymatic activity (e.g., telomerase [23], furin [24]), and mercury ions [25], while less in pesticides. In addition, it is mainly based on a biological approach, for example, the reference probes such as methylene blue (MB) and ferrocene (Fc) were labeled on DNA or aptamers to provide a reference signal [26,27,28]. When it comes to chemical sensors, it is facile to introduce a reference probe by adding in a test electrolyte rather than modification with it on a working electrode [29,30]. Although this approach appears easy to realize, it demands consideration in the stable signal related on the given target analyte, especially in the case of the need for derivitization [31,32]. As the oxidation peak of CBL could be better defined after being hydrolyzed by alkali, the choice of adaptive reference signal become the key process to influence the success of RECS for CBL detection. Once the problem is solved, the strategy is easy and it is efficient to realize in on-site analysis of CBL residue. Hence, in this work, we provide a stable reference signal for CBL. As far as we know, there are few reports on RECS for CBL determination.



Moreover, although ratiometric strategy is thought to eliminate various interferences, there is limited research on the availability of RECS in the elimination of the effect of system noise, diversity among electrodes, and a complex matrix of samples, respectively. With this in mind, we evaluate its availability in CBL determination through the three following aspects: (1) system noise: system noise is well known to be inevitable in various analysis methods such as chromatography, spectroscopy, and electroanalysis. Among these methods, the noise of the electrochemical system is large enough to result in poor reproducibility even in standard solution rather than real samples. Hence, in order to investigate the elimination effect on the noise of the electrochemical system, the most commonly used glassy carbon electrode (GCE) was applied as working electrode in this work, due to its stability compared with other electrodes. (2) Diversity among electrodes: with the development of novel electrodes, more and more new electronalysis methods have been built for the determination of pesticide residue. But the diversity among electrodes formed batch to batch is hard to control, specially with single-signal output. In this work, a type of high conductive, cheap and commercially available textile, known as carbon cloth (CC) [33,34], was utilized as the disposable electrodes to investigate the elimination effect on the diversity among electrodes. In order to further improve the sensitivity, the modification with ionic liquids (IL) which possess high ionic conductivity and wide electrochemical windows was also studied [35,36]. (3) Matrix effect of vegetable samples: because of complex matrix of food sample, electroanalysis technique has not been widely applied in food analysis. Using traditional single-signal ECSs, the matrix effect of food samples was so great as to result in low recoveries. For the sake of higher recoveries, RECSs were speculated to decrease the matrix effect combined with matrix-matched calibration standard method. Above all, ratiometric strategy has been investigated through these three aspects in terms of dynamic range, correlation coefficient, sensitivity, and reproducibility. In this way, an accurate, robust and cost-efficient method has been built for CBL determination in real samples.




2. Materials and Methods


2.1. Apparatus


Cyclic voltammetry (CV), differential pulse voltammetry (DPV), linear sweep voltammetry (LSV), and square wave voltammetry (SWV) were performed with the computer-controlled CHI 760E electrochemical workstation (Chenhua Instruments Co., Ltd., Shanghai, China). For electrochemical experiments, a 10 mL glass cell with a GCE (3 mm diameter) or CC as the working electrode, platinum wire as the counter electrode, and Ag/AgCl as the reference electrode was used. Prior to electrochemical measurements, the solution was purged with pure nitrogen for 5 min. High-performance liquid chromatography (HPLC) analysis was carried out with an LC-20AT pump and an SPD-M20A detector (Shimadzu, Kyoto, Japan) at 220 nm with a C18 column.




2.2. Reagents and Chemicals


CBL, thionine (Th), ferrocene (Fc), methylene blue (MB), Nile blue A (NB) were purchased from Shanghai Aladdin Reagent Co., Ltd. A stock solution of CBL (103 μM) was prepared in ethanol. 0.1 M phosphate-buffered saline (PBS) was used as the solvent-supporting electrolyte system. Conductive CC (HCP330N, 32 cm × 16 cm, 0.32 mm in thickness) was purchased from Hesen Electric Co., Ltd. (Shanghai, China). Ion liquid (IL) was prepared following the methodology of our previous report [37], the structure was shown in Scheme 1. Other reagents used were of analytical reagent grade.




2.3. The Proposed Ratiometric Strategy for Carbaryl (CBL) Determination


Electrochemical sensors based on single-signal and dual-signal sensing strategies were illustrated in Scheme 2. Traditional ECS depend on single-signal output, which makes it highly affected by system noise, environmental conditions, electrodes diversity, matrix effect, and so on. Thus, reproducibility is always insufficient to satisfy the requirements of application.



In order to resolve this problem, RECS introduces an inner reference signal to build a self-rectification calibration, because the reference probe and target analyte are affected by the same sensing interface. The reference probe should meet the following conditions: (i) the peaks of probe and CBL are well defined and separated from each other; (ii) the co-existence of the probe could not interfere the signal of CBL; (iii) the probe exhibits a stable signal under the condition that is suitable for CBL determination [38]. In this paper we provide a suitable reference signal for RECS of CBL determination. To illustrate the effect of the reference probe on the availability of ratiometric strategy in electrochemical sensors, the widely used and unmodified GCE was employed at first. In order to further investigate the availability of ratiometric strategy to eliminate the diversity among electrodes and inferences by food matrix, IL/CC was utilized as a disposal electrode and the application experiments was carried out on tomato samples.




2.4. Preparation of Working Electrode


The GCE was polished to a mirror-like surface with 0.05 μm alumina slurry followed by rinsing thoroughly with double distilled water (DDW) before analysis. The CC was firstly cleaned by sonication sequentially in acetone, water, and ethanol for 10 min, respectively. Then, CC was tailored into 5 mm × 10 mm pieces, immersed in 0.25 mg mL−1 IL solution for 30 s, and dried in air. The area immersed in solution was 5 mm × 5 mm.




2.5. Electrochemical Analysis


Before electrochemical analysis, 1.5 mL CBL solution was firstly hydrolyzed with 200 μL 0.2 M NaOH, and 200 μL 0.2 M HCl was added to adjust pH to neutral. Then 100 μL 1000 μM MB solution and 2 mL 0.2 M PBS was added. Finally, the working electrode was accumulated in the mixed solution for 10 min at open circuit potential and all electrochemical analyses were performed from −0.6 to 0.8 V. CV and LSV were carried out at the scan rate of 50 mV s−1. SWV and DPV were carried out with the following parameters: increasing potential 0.004 V, amplitude 0.025 V.




2.6. Sample Preparation


Tomatoes and cabbages were purchased from local market, cut into small pieces and homogenized in a blender. 2 g pulp samples were weighed exactly and extracted with 10 mL and 5 mL dichloromethane two times, respectively. Then the lipid substances were removed and dried. 2 mL ethanol and water 1:1 (V/V) was added to redissolve CBL, and filtered using a syringe filter (0.22 μm). Finally, 2 mL 0.2 M PBS and 1 mL DDW were mixed with 1 mL mentioned filtrate before electrochemical analysis. Standard addition method was applied and the results were obtained from an average of three parallel experiments.




2.7. High-Performance Liquid Chromatography (HPLC) Measurements


The mobile phase consisted of a mixture of acetonitrile and water 70:30 (V/V), with a flow rate of 0.8 mL min−1, and the column temperature was 40 °C. Before HPLC analysis, the extracted samples were filtered using a syringe filter (0.22 μm).





3. Results


3.1. Ratiometric Strategy on Glassy Carbon Electrode (GCE)


To investigate the effect of ratiometric strategy on the electrochemical sensor system, the most common GCE was selected as the working electrode. The electrochemical behavior of CBL molecules directly at bare GCE was shown in Figure 1. It exhibited a undefined peak at about 1.1 V, which is difficult for quantifying determination. In order to resolve this problem, derivation strategy was applied based on the fact that CBL can be hydrolyzed to high electroactive 1-naphtol in alkaline medium (Equation (1)). Then, OH- extracts -H from 1-naphthol, a well-defined oxidation peak appearing at 0.4 V, a much lower potential (Equation (2)). This is beneficial for sensitive determination of CBL. The alkalized CBL was expressed as a-CBL in the following text. For the sake of high signal response, different electrochemical techniques including LSV, DPV, SWV and CV were compared in Figure 1B. It is obvious that the SWV curve exhibited a much better defined peak and higher peak current. Accordingly, the SWV technique was utilized in the following electroanalysis.
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The reference signal is an essential element in RECS [39,40]. Hence, several common probes with electrochemical activity have been investigated for the fabrication of CBL-RECSs. The electrochemical behaviour of the four probes is shown in Figure 2A. It can be seen that the peak potential of Fc is too near with the derivation product of CBL (curve b) and there was also a weak peak of MB next to a-CBL (curve c), which means Fc and MB were not able to separate well with a-CBL. At the same time, the peaks of Th (curve d) and NB (curve e) were well defined so that they are more suitable to be reference probes for electrochemical determination of CBL in this regard. In addition, compared with a-CBL without any probes (curve a), the introduction of Th obviously reduced the peak current of a-CBL, making it unsuitable for CBL determination. Till now, NB seemed to be the most probable reference probe for CBL. In order to verify the conjecture, stability experiments were also carried out. The RSD of peak current ratio between a-CBL and NB was calculated to be only 2.5%, when the mixture was tested for 5 times under the same conditions every ten minutes. Besides, the adding sequence of reference probe and alkali were also investigated. As shown in Figure 2B, the peaks of a-CBL and NB seemed to be the same no matter adding NB before NaOH or after NaOH, which further indicated the stability of NB in the condition of CBL determination. To sum up, NB was selected as the reference probe for ratiometric electrochemically sensing CBL, due to the well-defined oxidation peak, few effect on the peak of CBL, and the excellent stability which was accordance with previous report [41]. These three conditions of reference probes are essential to meet the requirements of RECS mentioned above in Section 3.1.



The pH value is an important parameter in electroanalysis, so the electrochemical response of a-CBL and a-NB in PBS of different pH value from 6.0 to 8.0 were investigated by SWV. As shown in Figure 3, the peak potential of NB and a-CBL shifted to positive potentials for decreasing pH values. The relationships were linear with the slope of 54 and 48 mV/pH, respectively (r > 0.99), which implies that both of a-NB and a-CBL oxidation follows the Nernst equation requiring identical number of protons and electrons. Besides, the peak current of a-CBL increases with the decrease of pH values, because the 1-naphthol molecules can be protonated at low pH. In order to investigate the effect of lower pH value, the use of acetate buffer solution (ABS) with a pH value from 3.6 to 5.6 was also studied. As shown in Figure 3, the trend of peak potentials changed the same way as in PBS, and the peak current decreased when the pH value decreased to 3.6. In addition, ABS is more volatile than PBS, which may lead to instability of detection. Accordingly, 0.1 M pH 6.0 PBS was selected as the appropriate supporting electrolyte in RECSs for CBL determination.



Then the analytical performance were investigated in terms of the ratiometric strategy on GCE. As shown in Figure 4A, the relationship between the current ratio and CBL concentration was highly linear between 5 and 75 μM and described as iCBL/iMB = 0.007 CCBL + 0.061 with r of 0.999. The LOD was calculated to be 1.0 μM at a signal-to-noise ratio of 3. Compared with the single-signal ECSs (Figure 4B), the equation of the peak current and CBL concentration was iCBL = 0.029 CCBL + 0.780 with r of 0.947, which is lower than RECSs. Moreover, the reproducibility was also investigated through series of 5 prepared electrodes under the same conditions at short time interval with RSD of 2.8% for RECSs, while 7.2% for traditional ECSs. It is clear that ratiometric strategy is beneficial to eliminate the background noise of electrochemical workstation, giving rise to higher accuracy and reproducibility.




3.2. Ratiometric Strategy on Carbon Cloth (CC) Electrode


The advantages of ratiometric strategy in ECS reflected not only on the background noise of the electrochemical system, but also the diversity among the electrodes. In order to verify it, CC was selected as the working electrode, because the size immersed in electrolyte solution is hard to control and measure, which greatly affects the accuracy of CBL determination using single-signal ECS. Besides, high conductive CC will improve the sensitivity of CBL determination sharply. In order to further improve the signal response, IL was utilized to modify CC. As shown in Figure 5A, the peak currents of a-CBL and NB were greatly enhanced after the simple soaking of CC in IL solution. The concentrations of IL were also investigated, and 0.25 mg mL−1 was the optimized value.



Then the linear calibration range, sensitivity, and reproducibility were investigated to evaluate the proposed strategy at the IL/CC electrode. As shown in Figure 5B,C, the peak currents of a-CBL increased with increasing concentration of CBL while the peak currents of NB were not changed. The current ratio of a-CBL and NB was linear with the concentration of CBL ranging from 10 to 75 μM and the regression equation was: iCBL/iMB = 0.021 CCBL + 0.112 (r = 0.999). The LOD was calculated to be 1.4 μM at a signal-to-noise ratio of 3. At the same time, iCBL/cm2 = 3.627 CCBL - 21.161 (r = 0.980) was also fitted for a single-signal IL/CC sensor. In addition, the electrode-to-electrode reproducibility (RSD, n = 5) for CBL (25 μM) was determined as 6.8%, much lower than the 21.0% of single-signal ECSs. The results indicated the ratiometric strategy was available at novel CC electrode except for GCE.



The performance of this sensor was compared with other sensors for CBL, which are listed in Table 1. The detection limit and linear calibration range of the proposed sensor are comparable with some single-electronic sensors and not better than some others. Nevertheless, the process of fabrication is most simple of all, which is easy to realize. Furthermore, the proposed ratiometric strategy could be compatible with various modified electrodes to further improve the detection performance through a simple process and the requirement of a common reagent.




3.3. Ratiometric Strategy in Vegetable Samples


The application in real samples is always the challenge in research area of ECS because of complex matrix and tedious pre-treatment process. As a potential technique for a rapid test of pesticide residue in agriculture products, the pre-treatment of ECS should be as simple as possible. Based on the previous research, various extraction solvents have been applied to extract trace CBL from various samples. Accordingly, the extraction experiment in vegetable samples was carried out firstly. The extraction rates of extraction solvents including dichloromethane, n-hexanem, acetonitrile, and methanol were calculated to be 94.05% ± 2.92%, 90.86% ± 1.98%, 72.91% ± 2.55%, and 65.06% ± 4.11%, respectively. Hence, dichloromethane was chosen to be the extraction solvent. After cleaning with the liquid-liquid extraction process, the peak current of CBL decreased, while the peak current of impurity slightly decrease. This means the clean-up process is unnecessary and the simple extraction with dichloromethane is sufficient for accurate CBL sensing. Using this simple pretreatment process, the calibration of CBL in tomato samples were carried out in Figure 6. On GCE, the regression equation was iCBL/iMB = 0.014 CCBL − 0.140 (r = 0.999) for RECSs, while iCBL = 0.027 CCBL + 0.105 (r = 0.990) for ECSs. On IL/CC, the regression equation was iCBL/iMB = 0.014 CCBL + 0.860 (r = 0.990) for RECSs, while iCBL/cm2 = 0.533 CCBL + 0.155 (r = 0.970) for ECSs. The results indicated that the ratiometric strategy slightly improves the detection accuracy. Moreover, as shown in Table 2, the recovery rates in tomato and cabbage samples were between 80% and 95%, which is much better than other reported sensors [3]. Hence, it was speculated that the matrix effect was the major cause of inaccurate CBL detection when the matrix is complex, and the matrix-matching standard solution method played a more important role compared with ratiometric strategy in this case. In a combination of the two strategy, the recoveries could be improved and comparable with the HPLC method.




3.4. Comparison between Ratiometric Electrochemical Sensor (RECS) and Electrochemical Sensor (ECS)


In order to make the advantages of the ratiometric strategy clear, a comparison between RECS and ECS is shown in Table 3. When the matrix is water, the linear correlation coefficient (r) and relative standard deviation (RSD) of RECS were obviously higher than ECS, indicating the ratiometric strategy is available for the accurate determination of CBL in water samples. At the same time, there were no significant difference between that of RECS and ECS when the matrix is tomato sample, which means the matrix-matching standard solution method is more effective in the elimination of matrix effect on CBL determination. In conclusion, the ratiometric strategy is highly effective at eliminating the effect of system noise and electrodes deviation on CBL determination, leading to accurate sensing of CBL in water samples.





4. Conclusions


In this work, a ratiometric strategy has been successfully applied in the electrochemical determination of CBL residue by the direct addition of a proper reference probe after rapid hydrolysis. Taking consideration of the well-defined peak, few effects on the target peak, and excellent stability, Nile blue A was selected as the probe to provide a reference signal for ratiometric electrochemical sensing of CBL. The introduction of a proper probe could ensure the interdependence of the target signal and reference signal on the same sensing environment including system noise, electrode deviation, and co-existing molecules adsorbed on the surface of the electrode. Thus, their ratio value could eliminate the similar interference on the analytical signal, leading to higher accuracy. Based on this dual-signal model, the proposed ratiometric sensor has been proved to be available to reduce the effect of system noise and electrode deviation on CBL determination compared with the traditional single-signal sensor. Therefore, inner correction was fulfilled, providing a promising tool for accurate analysis of CBL residue in practical applications.
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Scheme 1. Structures of ion liquid (IL). 
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Scheme 2. Schematic illustration of electrochemical sensors based on single- and dual-signal sensing strategies. 






Scheme 2. Schematic illustration of electrochemical sensors based on single- and dual-signal sensing strategies.



[image: Sensors 20 01524 sch002]







[image: Sensors 20 01524 g001 550] 





Figure 1. (A) Cyclic voltammetry (CV) curves of 25 μM carbaryl (CBL) in 0.1 M phosphate-buffered saline (PBS, pH 7.0) before (a) and after (b) hydrolysis. (B) Square wave voltammetry (SWV) (a), differential pulse voltammetry (DPV) (b), linear sweep voltammetry (LSV) (c), and CV (d) curves of 25 μM CBL in 0.1 M PBS (pH 7.0) after hydrolysis. 
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Figure 2. (A) SWV curves of 25 μM CBL in 0.1 M PBS (pH 7.0) together with various reference probes. (a) without probes; (b) ferrocene (Fc); (c) methylene blue (MB); (d) thionine (Th); (e) Nile blue (NB). (B) SWV curves of 25 μM CBL and 5 μM NB in different adding order: (a) CBL, NaOH, NB; (b) CBL, NB, NaOH. 
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Figure 3. (A) SWV curves of 75 μM CBL and 5 μM NB in PBS with various pH value: (a) 6.0; (b) 6.5; (c) 7.0; (d) 7.5; (e) 8.0; (B) plots of peak potential and pH value in PBS (a) CBL, (b) NB. (C) Plots of peak current and pH value (a) CBL, (b) NB. (D) SWV curves of 75 μM CBL and 5 μM NB in acetate buffer solution (ABS) with various pH value: (a) 3.6; (b) 4.0; (c) 4.4; (d) 4.8; (e) 5.2; (f); 5.6. (E) Plots of peak potential and pH value in PBS (a) CBL, (b) NB. (F) Plots of peak current and pH value in ABS (a) CBL, (b) NB. 
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Figure 4. (A) Calibration curves of CBL using single-signal strategy on bare GCE; (B) Calibration curves of CBL using dual-signal strategy on bare GCE. Inset: SWV curves of various concentration of CBL. Error bars: SD; n = 3. 
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Figure 5. (A) SWV curves of 50 μM CBL and 1 μM NB at glassy carbon electrode (GCE) (a), carbon cloth (CC) (b), and IL/CC (c); (B) calibration curves of CBL using single-signal on IL/CC. (C) Calibration curves of CBL using dual-signal on IL/CC. Inset: SWV curves of various concentration of CBL. Error bars: standard deviation (SD); n = 3. 
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Figure 6. (A) Calibration curves of CBL using single-signal strategy on bare GCE in tomato samples. (B) Calibration curves of CBL using dual-signal strategy on bare GCE in tomato samples. (C) Calibration curves of CBL using single-signal strategy on IL/CC in tomato samples. (D) Calibration curves of CBL using dual-signal strategy on IL/CC in tomato samples. Isnet: SWV curves of various concentration of CBL. Error bars: SD; n = 3. 
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Table 1. Comparison of analytical parameters on various electrodes.
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	Electrode
	Linear Range
	Limit of Detection (LOD, μM)
	Ref.





	CB-NPs electrode
	25~125
	12
	[42]



	AChE/PANI/MWCNTs/GCE
	9.9~49.6
	1.4
	[43]



	LSX zeolite/CPE
	1~100
	0.3
	[44]



	BDDGR
	1~6
	0.07
	[45]



	CoO/rGO/GCE
	0.2~70
	0.04
	[46]



	GO-IL/GCE
	0.10~12.0
	0.02
	[47]



	Bare GCE
	5~75
	1.0
	This work



	IL/CC
	10~75
	1.4
	This work







Notes: CB-NPs—carbon black nanoparticles; AChE/PANI/MWCNTs/GCE—acetylinesterase/polyaniline/multi-walled carbon nanotubes/glassy carbon electrode; LSX zeolite/CPE—low silica X zeolite modified carbon paste electrode; BDDGR—graphene modified boron-doped diamond electrode; CoO/rGO—cobalt oxide decorated reduced graphene oxide; GO-IL—graphene oxide-ionic liquid composite.
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Table 2. Determination results for CBL in real samples.
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	Sample
	Amount Added (μM)
	Amount Recovered (μM)
	Recovery Rate (%)
	Content Determined by SWV (mg kg−1) ± SD
	Content Determined by HPLC (mg kg−1) ± SD





	Tomato
	10.00
	8.11
	81.10
	1.63 ± 0.08
	1.77 ± 0.05



	
	25.00
	21.22
	84.88
	4.27 ± 0.11
	4.59 ± 0.09



	
	50.00
	43.94
	87.88
	8.84 ± 0.29
	9.11 ± 0.12



	Cabbage
	10.00
	8.72
	87.20
	1.75 ± 0.15
	1.81 ± 0.04



	
	25.00
	23.19
	92.76
	4.66 ± 0.27
	4.44 ± 0.15



	
	50.00
	42.97
	85.94
	8.65 ± 0.14
	8.99 ± 0.05










[image: Table] 





Table 3. Comparison between ratiometric electrochemical sensor (RECS) and electrochemical sensor (ECS).






Table 3. Comparison between ratiometric electrochemical sensor (RECS) and electrochemical sensor (ECS).





	
Interference Factor

	
Electrodes

	
Matrix

	
RECS

	
ECS




	
Linear Relationship

	
r

	
RSD (%)

	
Linear Relationship

	
r

	
RSD (%)






	
System noise

	
GCE

	
Water

	
iCBL/iMB =

0.007CCBL + 0.061

	
0.999

	
2.8

	
iCBL =

0.029 CCBL + 0.780

	
0.947

	
7.2




	
Electrodes deviation

	
IL/CC

	
Water

	
iCBL/iMB =

0.021CCBL + 0.112

	
0.999

	
6.8

	
iCBL/cm2 =

3.627 CCBL − 21.161

	
0.980

	
21.0




	
Matrix effect in vegetable samples

	
GCE

	
Tomato sample

	
iCBL/iMB =

0.014CCBL − 0.140

	
0.999

	
5.8

	
iCBL =

0.027 CCBL + 0.105

	
0.990

	
5.9




	
IL/CC

	
Tomato sample

	
iCBL/iMB =

0.014CCBL + 0.860

	
0.990

	
9.2

	
iCBL/cm2 =

0.533 CCBL + 0.155

	
0.970

	
17.0












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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