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Abstract

:

This study presents an electrochemical sensor developed from a glassy carbon electrode modified with nanodiamond film (ND/GCE). This electrochemical response of the proposed sensor was improved, and it showed excellent analytical performance for the detection of paracetamol (PAR), which was attributed to the high PAR charging capacity on the electrode surface and the excellent electrical conductivity of ND. Morphological and electrochemical characterizations of the sensor were performed via scanning electron microscopy (SEM) and cyclic voltammetry using a redox probe [Fe(CN)6]3−. The sensor was applied for the determination of PAR. Quantification was performed using square-wave voltammetry, and it showed a linear concentration range from 0.79 to 100 µmol L−1, with a limit of detection of 0.18 µmol L−1. The proposed sensor exhibited satisfactory repeatability and high sensitivity in the determination of the analyte of interest. The electrochemical sensor was also employed for the analysis of PAR in real samples, with recovery rates ranging between 96.4 and 98.7%. This sensor was successfully used for the determination of the drug in pharmaceutical samples.
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1. Introduction


Nanodiamonds (NDs) have attracted considerable attention in recent years due to their exceptional properties, which make them an ideal material for the development of electrochemical sensors [1,2]. These nanospheres, which are primarily composed of sp3 carbons and some sp2 carbons, exhibit excellent hardness, a wide potential window, and a low background current in both aqueous and non-aqueous solutions. Their high chemical and electrochemical stability, biocompatibility, low toxicity, and excellent corrosion resistance further enhance their applicability in various fields [3]. Originally synthesized from explosive detonations in the 1960s, NDs have been used as a material since the 1990s [3,4]. The versatility of NDs allows for the surface modification of working electrodes, which facilitates the electrochemical detection of drugs such as paracetamol (PAR). Their applications extend beyond sensing and include areas such as drug delivery [5], bioimaging [6], energy storage [7] catalysis [8], and photodevices [9]. In particular, NDs have shown significant potential in electrochemical sensors [10,11,12,13,14]. This material can be synthesized through detonation techniques, high pressure and high temperatures, high-pressure and high-temperature (HPHT) ball milling, laser ablation, and chemical vapor deposition (CVD) [15]. The main applications of this material are as fluorescent particles to obtain biomedical images [1], tribology and lubrication [16], drug delivery, bioimaging biosensors [17], and energy storage catalysis. Acetaminophen (N-acetyl-p-aminophenol), commonly known as PAR, is a widely used antipyretic and analgesic drug effective for headache, migraine, and arthritis [18,19]. However, the risk of overdose or chronic use can lead to kidney and liver damage due to the accumulation of toxic metabolites [20,21,22]. Additionally, its hydrolytic degradation product, 4-aminophenol, has teratogenic effects and is nephrotoxic [23,24]. Therefore, the development of sensitive and accurate analytical methods for the determination of PAR concentrations in pharmaceutical preparations and human plasma is decisive in effective health management [23].



Various analytical techniques have been used to quantify PAR, including colorimetry [25], titrimetry [26], FTIR and Raman spectrometry [27,28,29,30,31], and liquid chromatography [31,32]. Despite their effectiveness, these methods often present limitations, such as high costs, long analysis times, and the need for sample pretreatment, making them unsuitable for routine analysis [33,34]. In contrast, electrochemical techniques have proven to be a promising alternative due to their high sensitivity and lower costs.



This study introduces a newly developed electrochemical sensor fabricated with ND-modified glassy carbon electrodes (GCEs). The electrochemical properties of this sensor were investigated, and its potential for the sensitive determination of PAR in pharmaceutical products using the square-wave voltammetry (SWV) technique was demonstrated. The integration of NDs into sensor design highlights the growing interest in the use of advanced materials for improved analytical applications.




2. Materials and Methods


2.1. Reagents and Solutions


ND powder (<10 nm particle size) and PAR were purchased from Sigma-Aldrich® (St. Louis, MO, USA). All other chemical reagents were of analytical grade and used as received from the respective suppliers. The aqueous solutions were prepared using deionized water, and the suspension was prepared using ultrapure water (resistivity > 18.0 MΩ cm) supplied via a Milli-Q (Millipore -Merck group, Burlington, MA, USA) purification system. Sodium hydroxide (NaOH), sulfuric acid (H2SO4), potassium chloride (KCl), and potassium ferricyanide (K3[Fe(CN)6]) were purchased from all Synth® (Zola Predosa, Italy). The 0.1 mol L−1 of NaOH solution was used to adjust and maintain the desired pH ranges. The PAR stock solutions used were prepared daily before each study from an H2SO4 solution (0.1 mol L−1) to obtain a concentration of 0.1 mol L−1. Subsequent concentrations were prepared via dilution.




2.2. Apparatus


ND voltametric measurements were performed using a Potentiostat/Galvanostat—PG580 (Uniscan Instruments, Buxton, UK) interfaced with a computer managed using the UiChem software vesion 6.62 for the acquisition of voltametric data. Voltammograms were obtained from a glass electrochemical cell with holes for coupling electrodes: the working electrode was an ND/GCE, platinum counter-electrode, and the Ag/AgCl reference electrode was KCl, 3.0 mol L−1.



A morphologic analysis of the nanomaterials was carried out via scanning electron microscopy (SEM) using a Thermo Scientific Prisma E Scanning Electron Microscope (Waltham, MA, USA) with ColorSEM Technology and integrated into energy-dispersive X-ray spectroscopy (EDS) (São Paulo, Brazil), operating at 20 kV. The X-ray diffraction (XRD) was carried out using a Miniflex II X-ray diffractometer (Rigaku, Tokyo, Japan), from a 10° to a 90° angular recording range.




2.3. Preparation of Working Electrode


Before the modification, the surface of the electrode was carefully polished using extra fine carborundum paper. Then, the electrode was then sonicated in isopropyl alcohol for 1 min, washed with water, and dried. Then, 1.0 mg ND was suspended in 1.0 mL of ultrapure water. The suspension was dispersed using ultrasonic stirring for 30 min. In the end, 8.0 μL of the dispersion was deposited on the surface of the electrode using the drop-casting method and dried at room temperature for approximately 2 h until the complete drying and formation of the thin film; see Figure 1.




2.4. Preparation of Samples


A total of 10 tablets of PAR (paracetamol, 500 mg and 750 mg) formulations were accurately weighed and finely ground in a mortar. A chosen amount of this powder was transferred into a 200 mL volumetric flask. About 50 mL of NaOH (0.1 mol L−1) was added, swirled, and sonicated for 15 min. The volume of the sample was completed to the mark and finally filtered using fine filter paper. The first portion of the filtrate was rejected. A specific volume of the stock solution of the drugs was diluted with deionized water to obtain the suitable concentration.



As a comparative method, the spectrophotometric procedure described in the Brazilian Pharmacopoeia [35] was used for the determination of paracetamol in commercial samples, which were performed in a spectrophotometer, Spectrovision-T60 (Techcomp Ltd., Hong Kong, China), using quartz cells with a 1.00 cm optical path and λ = 190–1100 nm.





3. Results and Discussion


3.1. Morphological and Structural Characterizations


Morphological characterizations of NDs utilized for the GCE modification were studied by SEM analysis with and without the elemental analysis using ColorSEM technology. These images are presented in Figure 2, with SEM magnifications of 2000× and 4000×, in Figure 2A and B, respectively. In these images, it is possible to observe the success of the dispersion of NDs due to its homogeneity, presenting particles as spherical clusters on all the surfaces analyzed, with an average of 900 nm diameter per cluster. Figure 2C presents the ColorSEM image, in 2000× magnification, showing the presence of carbon, which can also be observed in Figure 2D by the peaks in the EDS. Otherwise, the oxygen quantities calculated in this analysis are negligible compared to the carbon quantities.



XDR analysis was performed to confirm the structure of this dispersion, and the X-ray diffraction pattern is present in Figure 2E. It is possible to observe two expressive peaks at 2θ = 44.0° and 75.6°, which correspond to 111 and 220 crystalline plans for NDs, respectively, as presented in the literature [36,37]. To measure the contact angles, an 8 µL aliquot of ultrapure water was dropped onto the surface of a GCE, and the sensor was modified with the proposed ND film. Photos were taken 30 s after the droplet was applied. Depending on the observed contact angle (θ) with the water, the surface can be classified as super hydrophilic (θ < 10°), hydrophilic (θ < 90°), hydrophobic (90° < θ < 150°), or superhydrophobic (θ > 150°) [38]. Thus, the unmodified and modified sensor surfaces displayed hydrophilic profiles, with contact angles of 80 ± 1° for GCE and 84 ± 1° for ND/GCE (Figure 2F,G).




3.2. Electrochemical Characterizations


The electrochemical profile of the bare GCE and ND/GCE were investigated using the cyclic voltammetry technique with a redox probe [Fe(CN)6]3− in 0.1 mol L−1 of KCl. Cyclic voltammograms comparing GCE and ND/GCE in the presence of 9.9 × 10−4 mol L−1 [Fe(CN)6]3− in 0.1 mol L−1 of KCl at a scan rate of ν = 50 mV s−1 are shown in Figure 3A. At a scan rate of 50 mV s−1, ND/GCE presented a ratio of the anodic and cathodic peak current (Ipa/Ipc) of 0.93 and a peak potential separation (ΔEp) of 110 mV, and the bare GCE presented an Ipa/Ipc of 0.88 and a ΔEp of 238 mV; see Figure 3B.



The scan-rate study was carried out with a range of 10 to 250 mV s−1 (10, 30, 50, 70, 100, 150, 200, and 250 mV s−1), present in Figure 2C for GCE and Figure 2D for ND/GCE. ND/GCE presented a better peak definition compared to the bare GCE in both processes. In this context, ND/GCE also presented reversibility closer to the theoretical values for quasi-reversible systems. Through these analyses, an I vs. ν1/2 correlation was plotted, which is inserted into Figure 3C,D for the respective data, where both systems presented a linearity close to 1, with an R2 equal to 0.979 and 0.995, respectively, which confirms the majority of a diffusional controlled process.



Considering this linearity, the electroactive area of each electrode was calculated using the Randles–Sevcik equation, Equation (1) [39]:


    I   p    = ± ( 2.69   ×      10   5   )   n    3 / 2    A   D    1 / 2      v    1 / 2     C ,   



(1)




where Ip is the peak current, n is the number of electrons transferred (n = 1), A is the electroactive surface area, D is the diffusion coefficient (D = 6.2 × 10−6 cm2 s−1) for Fe(CN)6]3−, v is the scan rate, and C is the redox probe concentration in bulk solution (9.9 × 10−7 mol cm−3). Therefore, the electroactive area increased from 0.038 cm2 to 0.100 cm2 by a factor of 2.6 × after the ND modification, presented in Table S1. Additionally, the electroactive area of the ND/GCE also presented an increase above the geometric area of 0.071 cm2.



According to the relation of “ψ”—ΔEp [40], the charge-transfer reaction rate constant (k0) can be estimated for GCE and ND/GCE using the Nicholson equation; see Equation (2) [41],


“ψ” = “k” ^ “0” (“πDnvF”/“RT”) ^ (−“1/2”)










   ψ =    k   0           π DnvF    RT        −  1 / 2     



(2)




where k0 is the heterogeneous electron transfer rate constant (cm s−1), “ψ” is a kinetic parameter dependent on the scan rate that can be calculated from the equation proposed by Lavagnini et al. [42], F is the Faraday’s constant (96,485 C mol−1), R = 8.314 J mol−1 K−1, T = 298.15 K, and other parameters are as utilized for the electroactive area calculus.



With the   ψ   values known, k0 is directly determined as being the slope of the   ψ   versus a 36.33 v−1/2 curve. The 36.33 factor is equivalent to the term [πDnF/(RT)]−1/2 of the Nicholson equation (Equation (2)). The obtained k0 values are also presented in Table S1, and as can be seen, the electron transfer rate constant was enhanced approximately 4 times. Through the data presented in Table S1, it was observed that the modification of the electrode with ND favored its electrical conductivity, that is, its ability to exchange electrons. Therefore, ND was able to improve the electrochemical features of the bare GCE, proving its potential for application in the design of modified electrochemical sensors.




3.3. Electrochemical Detection of Paracetamol


An electrochemical analysis using cyclic voltammetry was performed to evaluate the response profile of the PAR compound on the bare GCE and ND/GCE; the results are displayed in Figure 4A. Well-defined anodic peaks are observed in both curves, while no reduction peaks are evident. For the bare GCE, the oxidation peak potential was 804 mV with an anodic peak current of 11.6 μA; by contrast, the ND/GCE was 750 mV, with an anodic peak current of 15.5 μA. It is possible to observe the increase in magnification of the anodic peak current for the ND/GCE at 1.3× compared to the bare electrode. This difference is due to the larger electroactive surface area of the ND/GCE, which enables a greater number of electronic reactions on the surface of the electrode.



Also, the electron transfer rate between the electroactive material and the surface of the electrode greatly increased after the modification with ND, resulting in an increase in the oxidation peak current of PAR on the ND/GCE and a negative shift in the peak potential. Notably, after the modification with ND, the electroactive surface area increased by 2.6×, and electrocatalytic activity favored the occurrence of PAR oxidation reactions at more negative potentials compared to the unmodified electrode. This difference might be attributed to the oxidation of PAR, a diffusion-controlled process that occurs in an irreversible reaction on the electrode surface [43,44,45].



According to Mahmoud et al., PAR oxidation involves a process of 2 e− and 2 H+ transfer to form a quinone-like structure, followed by hydrolysis of the acetamide functional group to produce p-aminophenol, a process demonstrated in Figure 4B [46]. SWV voltammograms were recorded using the ND/GCE for both a blank solution and a 5.2 µmol L−1 PAR solution in 0.1 mol L−1 of H2SO4 to assess the electrode’s performance.



The SWV technique was selected as the electroanalytical tool to perform the voltametric determination of PAR using the ND/GCE in this work. Thus, the parameters of this technique were all optimized to obtain a better analytical response with a high current magnitude and a well-defined voltametric profile. These parameters were evaluated in the following ranges: a frequency (f) of 10.0 to 100 Hz, an amplitude (a) of 5.00 to 100 mV, and a step potential (s) of 1.0 to 10 mV. In this context, the optimum values were f = 80 Hz, a = 40 mV, and s = 6 mV.



Under the optimum conditions, the analytical curve for PAR was constructed using the modified electrochemical sensor. Figure 5A shows the voltammograms obtained in the presence of different PAR concentrations, and the analytical curve presented in Figure 5B shows a linear response in the concentration range of 0.79 to 100 µmol L−1 (0.79, 2.31, 3.78, 5.2, 8.86, 12.5, 19.7, 26.7, 33.6, 69.1, 86.7, and 100 µmol L−1) for PAR with a linear correlation coefficient of 0.998, following equation I (μA) = 0.1344 CPAR (μmol L−1) + 1.24 × 10−7.



This linearity represents that this system works mostly through the diffusion process. The LOD was equal to 0.18 µmol L−1, calculated by 3 × RSD blank/slope.



To evaluate the repeatability and reproducibility of the proposed method, the ND/GCE was subjected to this study. The concentration of PAR to perform these studies was 5.2 µmol L−1. Five measurements (n = 5) were obtained for the freshly prepared modified electrode, for repeatability, as shown in Figure S1A,B. Then, for reproducibility, the determination of paracetamol was performed at a newly constructed modified electrode on five different days (n = 5), as shown in Figure S1C,D. The relative standard deviation (RSD) of repeatability and reproducibility was calculated to be 1.8% and 5.1%, respectively, demonstrating the method’s satisfactory results.



To evaluate the practical utility and validity of the ND/GCE, the modified electrode was applied to the detection of the analyte in commercial tablets with two different concentrations of PAR, 500 and 750 mg/tablet. The samples were performed in three replicate measurements for each concentration. The determination of paracetamol with the same electrode surface at every measurement produced a mean recovery of 96.4 and 98.7%. From the results obtained, the ND/GCE demonstrated good electrocatalytic activity. Good recovery indicates the suitability and reliability of the proposed method. Therefore, the ND/GCE is reliable and recommended for routine analyses of PAR in pharmaceutical samples.



The application of the ND/GCE in pharmaceutical samples (prepared as described in the experimental section) analysis was investigated via spectrophotometry and voltammetry. The electrochemical results were obtained using SWV records with the proposed method, to which aliquots of a stock solution were consecutively added to the electrochemical cell. The peak currents showed a direct relationship with the PAR concentration present in pharmaceutical samples. Table 1 presents the results obtained using the proposed and comparative spectrophotometric method in the pharmaceutical samples. Furthermore, a comparison of the results obtained for pharmaceutical samples using the proposed and comparative methods resulted in RSDs ranging from 1.4 and 1.8%. From the results, it is possible to observe the accuracy of both methods, with a low percentage of error, which reinforces the satisfactory analytical response for the ND/GCE sensor and its successful application for the determination of the analyte in these types of samples. A selectivity evaluation for this electrode toward PAR was indeed conducted. Tests were performed with several potential concomitant species, including cysteine (CYS), sodium chloride (NaCl), potassium chloride (KCl), ascorbic acid (AA), dopamine (DA), and glucose (GLU); see Figure S2. The interference solutions were prepared using equal concentrations of the interferent and PAR in a 0.1 mol L−1 H2SO4 solution. None of the tested species exceeded 10.47% of interference; see Table S2. Moreover, no additional peaks were observed in any of the measurements for these analytes; see Figure S3.



Several studies can be found in the literature in which the surface of a GCE was modified to determine paracetamol, as demonstrated in Table 2. Among them, Mehretie et al. [47] determined the analyte with the modification of PEDOT (poly(3,4-ethylene dioxythiophene)); they obtained a linear range of 1.0 to 100 µmol L−1 and an LOD = 4.0 mol L−1, being applied to samples of pharmaceutical products and biological fluids. Awad et al. [48] obtained a sensor with a linear detection range for PAR from 3.0 × 10−3 to 6.5 × 10−3 mol L−1 with an LOD of 2.8 × 10−4 mol L−1 using an electrochemically activated glassy carbon electrode. In the work of Li et al. [49], a PAR sensor was developed with a GCE modified using PANI-MWCNTs (polyaniline and multiwalled carbon nanotubes), with a linear range of 1.0 × 10−6 to 2.0 × 10−4 mol L−1 and an LOD = 2.5 × 10−7 mol L−1. Kassem et al. [50] also studied the determination of PAR through an electrochemically activated glassy carbon electrode using copper nanoparticles, which resulted in a sensor with a linear range of 4.0 × 10−6 to 2.8 × 10−5 mol L−1 and an LOD equal to 3.5 × 10−7 mol L−1. Finally, Kang et al. [45] performed a GCE modification with graphene for PAR sensing, with a linear range of 1.0 × 10−7 to 2.0 × 10−5 mol L−1 and an LOD = 3.2 × 10−8 mol L−1. Thereby, the proposed sensor showed a wide linear range for the detection of PAR, with a low LOD in comparison to other sensors. When compared to other works, the proposed method of PAR determination is characterized by satisfactory sensitivity, significantly higher than for sensors based on copper nanoparticles or multi-walled carbon nanotubes. However, it is smaller in comparison to the LOD for the graphene/GCE sensor, and even with that, it presents as analytically acceptable for the analyte. Additionally, the proposed sensor does not require a long time for the construction and application of composite materials or enzymatic and molecular imprinting technologies. Thus, the proposed sensor architecture is characterized by a simple and highly reproducible procedure, being an excellent candidate for PAR determination.





4. Conclusions


Surface modification with nanomaterials can provide an advantage in sensor sensitivity. The present work has demonstrated the successful application of an ND/GCE electrode as an electrochemical sensor for the determination of PAR in pharmaceutical samples. Cyclic voltammetry and square-wave voltammetry were used for the characterization of electrochemical behavior, the optimization of experimental and instrumental parameters, and PAR determination. When applied to pharmacological samples, the proposed sensor was shown to be a simple, fast, and inexpensive method compared to other analytical methods usually used for drug determination, showing a good analytical response to detecting and quantifying PAR. Thereby, the ND/GCE sensor presents a wide linear range for the determination of PAR from 7.9 × 10−7 to 1.0 × 10−4 mol L−1, with an LOD = 1.8 × 10−7 mol L−1 and analytical sensitivity equal to 1.3 × 10−6 μA mol L−1. The analytical utility of the method was successfully demonstrated in the analysis of PAR tablet samples, which obtained rates of recovery of 96.4 and 98.7%. Furthermore, the electrochemical device presents stability and satisfactory repeatability.
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Figure 1. Scheme of ND/GCE preparation. The bare electrode was cleaned (step 1); the surface of the electrode was polished carefully using extra fine carborundum paper (step 2), and the polished electrode was sonicated in isopropyl alcohol for 1 min and then rinsed with water and then dried. Then, 1.0 mg of ND was suspended in 1.0 mL of ultrapure water, and the suspension was ultrasonically stirred for 30 min to achieve proper dispersion (step 3); 8.0 μL of the ND dispersion was deposited on the electrode surface using the drop-casting method, followed by drying at room temperature for 2 h to form the film (step 4). Finally, the ND/GCE was ready to use in PAR detection (Step 5). 
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Figure 2. SEM images obtained via ND surfaces with magnifications of (A) 2000× and (B) 4000×; (C) ColorSEM image of ND surfaces with a magnification of 2000×; (D) X-ray diffraction pattern of NDs, 2θ = 10 to 90°; (E) energy-dispersive X-ray spectroscopy (EDS) mapping for NDs and contact angle wettability for (F) GCE and (G) ND/GCE. 
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Figure 3. Cyclic voltammograms comparing GCE and ND/GCE in the presence of 9.9 × 10−4 mol L−1 [Fe(CN)6]3− in 0.1 mol L−1 of KCl at a scan rate of = 50 mV s−1 are shown in (A); (B) presents the Ipa/Ipc ratio and ΔEp values for both GCE and ND/GCE electrodes; (C,D) cyclic voltammograms obtained for GCE and ND/GCE electrodes, respectively, in the presence of 9.9 × 10−4 mol L−1 [Fe(CN)6]3− in 0.1 mol L−1 of KCl at scan rates ranging from 50 to 200 mV s−1. Insets: correlation I vs. ν1/2. 
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Figure 4. (A) Cyclic voltammograms obtained in the presence of 5.0 × 10−3 mol L−1 PAR in 0.1 mol L−1 H2SO4 at a scan rate of 50 mV s−1; (B) the suggested mechanism for PAR oxidation on ND/GCE; (C) SWV voltammograms were obtained for blank solution and 5.2 µmol L−1 of PAR in 0.1 mol L−1 H2SO4 solution using the ND/GCE; analysis condition: f = 25 Hz, a = 20 mV and ΔEs = 5 mV. 
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Figure 5. (A) SWV records were obtained for different PAR concentrations: (1) 0.0 (blank solution), and (2 to 13) 0.79, 2.31, 3.78, 5.2, 8.86, 12.5, 19.7, 26.7, 33.6, 69.1, 86.7, and 100 µmol L−1 in 0.1 mol L−1 of H2SO4 solution using the ND/GCE. Analysis condition: f = 80 Hz, a = 40 mV, and ΔEs = 6 mV. Inset: PAR concentrations in 0.0 (blank), 0.79, 2.31, and 3.78 µmol L−1. (B) Analytical curve (Ip versus CPAR). 
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Table 1. Results obtained in the determination of PAR in pharmaceutical samples.
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PAR (mg/Tablet)




	
Samples

	
Comparative Method a

	
Proposed Method a

	
Relative Error b (%)






	
A

	
496 ± 3

	
503 ± 2

	
1.4




	
B

	
739 ± 8

	
752 ± 4

	
1.8








a Average of three measured concentrations. b Relative error = ((proposed method—comparative method)/comparative method) × 100%.













 





Table 2. Analytical characteristics of electroanalytical methods reported for PAR determination.
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	Electrode
	Technique
	Linear Range

(mol L−1)
	LOD

(mol L−1)
	Reference





	PEDOT/GCE
	DPV
	2.5 × 10−6 to 2.0 × 10−4
	1.1 × 10−6
	[47]



	GCox/GCE
	LSV
	3.0 × 10−3 to 6.5 × 10−3
	2.8 × 10−3
	[48]



	PANI-MWCNT/GCE
	SWV
	1.0 × 10−6 to 2.0 × 10−4
	2.5 × 10−7
	[49]



	nano-Cu/GCox/GCE
	SWV
	4.0 × 10−6 to 2.8 × 10−5
	3.5 × 10−7
	[50]



	Graphene/GCE
	SWV
	1.0 × 10−7 to 2.0 × 10−5
	3.2 × 10−8
	[45]



	ND/GCE
	SWV
	7.9 ×10−7 to 1.0 × 10−4
	1.8 × 10−7
	This work







Abbreviations: PEDOT: poly(3,4-ethylene dioxythiophene); GCE: glassy carbon electrode: carbon ionic liquid electrode; GCox: electro-activated glassy carbon electrode; PANI: polyaniline; MWCNT: multi-walled carbon nanotubes; nano-Cu: copper nanoparticles.
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