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Abstract 
In veterinary medicine, diaveridine hydrochloride (DVH) is a common antiprotozoal medi-
cation, and sulfaquinoxaline sodium (SQL) is an antibacterial used to treat intestinal infec-
tions, including coccidia. They are added to poultry feed as anticoccidials and their residues 
might be retained in chicken tissues. Therefore, there is an urgent need for fast determina-
tion of the lowest possible DVH and SQL concentrations to guarantee food safety. This study 
used cyclic voltammetry and square-wave voltammetry. A sensitive electrochemical sensor 
was developed for fast and selective simultaneous determination of DVH and SQL in drug 
substances, chicken meat and pharmaceutical formulations. Copper oxide nanoparticles 
(CuO NPs) served as the foundation for the created tailored sensor. An excellent linearity 
and high correlation (0.9995 for DVH and 0.9994 for SQL) were identified in the linear 
responses produced for DVH and SQL utilizing CuO NPs at carbon paste electrode (CPE), 

which were over the range of 15.00 nM to 120.00 M for DVH and 90.00 nM to 100.00 M 
for SQL. CuO NPs/CPE was used to determine residues in chicken meat as real samples, 
achieving outstanding recoveries due to its high sensitivity, superior repeatability, and wide 
linear range. The study also emphasizes the comprehensive environmental impact 
assessment facilitated by the synergistic application of Modified Complex GAPI (Complex 
MoGAPI) and AGREE tools. 
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Introduction 

Diaveridine hydrochloride (DVH), the hydrochloride salt of 2,4-diamino-5-(3,4-dimethoxybenzyl) 

pyrimidine (Figure 1A) is a veterinary drug used to treat coccidiosis in its clinical form. Its primary 

usage is as an anticoccidial additive to chicken feed [1]. Coccidiosis is an intestinal tract parasite 

disease caused by protozoa of the genera Eimeria and Isospora, which cause intestinal haemorrhage 

and oedema, leading to weight loss or an increase in animal production and potentially significant 

financial consequences [2]. Sulfaquinoxaline sodium (SLQ), the sodium salt of 4-amino-N-(quino-

xaline-2-yl)benzene-1-sulfonamide (Figure 1B), is the most widely used sulfonamide for the 

prevention and treatment of bacterial infections and to promote animal growth [3].  

 
Figure 1. Structural formulae of A) diaveridine hydrochloride and B) sulfaquioxaline sodium 

DVH is typically taken with sulphonamides to prevent bacteria from producing dihydrofolate. 

DVH is a synthetic inhibitor of dihydrofolate reductase (DHFR), an essential enzyme in bacterial 

folate synthesis [4], while SQL interferes with the biosynthesis of folic acid in bacterial cells by 

competitively preventing para-aminobenzoic acid (PABA) from incorporation into the folic 

(pteroylglutamic) acid molecule [5]. Thus, the two distinct mechanisms by which this traditional 

medication combination inhibits bacterial folate metabolism confer synergistic efficacy [6,7]. 

Therefore, SQL and DVH are frequently used together as antiprotozoal drugs for the prevention and 

treatment of chicken coccidiosis, fowl cholera, leucocytozoonosis, and swine coccidiosis [8]. 

Most medications given to animals that produce milk and meat may cause their residues to 

accumulate in the muscles and organs of the animal. Monitoring drug residues in animal tissues and 

products is therefore crucial to ensuring food safety, as consuming these residues can put 

consumers' health at risk of conditions such as hypersensitivity reactions, allergies, reproductive 

disorders, and the development of antibiotic-resistant bacteria [9].  

Frequent use of coccidiostats often leads to the accumulation of veterinary drug residues in food 

products intended for human consumption, posing harmful health risks to consumers. To protect 

consumers, it is crucial to control veterinary drug residue [10]. Therefore, there is an insistent need 

to develop analytical techniques for determining these residues. American and European 

organizations have set maximum residue levels (MRLs) of 100 μg kg-1 for DVH and SQL in foodstuffs 
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of animal origin to safeguard consumer health [10]. Inappropriate use of these medications, 

however, could lead to their remaining in animal tissue beyond the MRL range [3,11].  

The literature survey revealed that various analytical techniques have been employed to 

determine DVH and SQL. Chromatographic methods have been reported for the quantitative 

analysis of DVH [12-16] and SQL [15-18]. Spectrophotometric techniques have also been developed 

for analysis of DVH [19,20] and SQL [19-21], while voltammetric approaches have also been 

described for the determination of DVH [22,23] and SQL [24-26]. 

Electrochemical techniques like square-wave voltammetry (SWV) and cyclic voltammetry (CV) 

are quick, easy, and sensitive, and usually regarded as suitable substitutes for traditional methods 

for identifying organic molecules that undergo oxidation or reduction reactions, such as medications 

and related molecules in pharmaceutical preparations and biological fluids [27,28]. 

Electrochemical sensors have been regarded as the most promising sensor candidate among all 

chemical sensors, accounting for about 58 % of the total, for various applications (such as food, oil, 

and biomedical industries, as well as environmental and agricultural analyses), as they offer an 

affordable and practical alternative for the detection of variable analytes. The major benefits of 

electrochemical sensing are experimental simplicity, miniaturizability, low cost and low theoretical 

detection limits that result from variations in the Faradaic and non-Faradaic currents, as well as the 

variability of the reporting signals, such as the voltage, current, overall power output, or 

electrochemical impedance [29,30]. 

Among the oxides of transition metals, CuO has attracted much attention because it is the basis of 

several high-TC superconductors. CuO is a monoclinic structure and a p-type semiconductor com-

pound with a narrow band gap and used for photoconductive and photo-thermal applications [31]. 

Recently, there has been significant interest in copper oxide nanoparticles (CuO NPs) due to their wide 

potential window, excellent catalytic properties, effective surface areas, superior thermal conduc-

tivity, antimicrobial activity, photovoltaic properties, non-toxicity, good environmental acceptability, 

high chemical and physical stability, good biocompatibility, and effective electronic transfer. These 

unique features can be attributed to their high surface area, minimal overvoltage, and enhanced 

electrode kinetics, leading to low detection limits, high sensitivity, and rapid responses [32-36].  

To date, no voltammetric method has been described in the literature for the simultaneous 

determination of DVH and SQL residues in tissues and pharmaceutical formulations. Thus, our work 

aims to develop, investigate and optimize the experimental conditions for the simultaneous deter-

mination of DVH and SQL in different matrices using a new sensor, CuO NPs/CPE, as a rapid and 

sensitive method. Additionally, the study aims to assess the environmental sustainability of the 

proposed method by evaluating its alignment with the principles of green analytical chemistry 

(GAC) [37]. This includes a comprehensive greenness assessment using multiple evaluation tools 

such as the Complex MoGAPI [38] and AGREE [39] to critically examine the ecological footprint and 

overall environmental compatibility of the developed method. 

Experimental  

Instrumentation 

Electrochemical experiments were conducted on a PalmSens4 potentiostat operated with 

PSTrace 5.0 software (PalmSens, The Netherlands). The electrochemical operating cell consisted of 

carbon paste electrode (CPE), which was used as a working electrode, a counter electrode of 

platinum, and a reference electrode of Ag/AgCl.  

http://dx.doi.org/10.5599/jese.3061
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A Cyberscan 500 digital pH-meter with a glass combination electrode was used for pH measure-

ments (EUTECH Instruments, USA). 

Electrochemical impedance spectroscopy measurements were performed over a frequency 

range of 100 kHz to 0.1 Hz at a dc potential of 0.23 V. All electrochemical experiments were carried 

out at a temperature of 25 °C. 

Transmission electron microscopy (TEM) was carried out at an accelerating voltage of 200 kV 

using a JEOL JEM-2100 high-resolution transmission electron microscope (JEOL Ltd, Japan). 

The XPERT-PRO powder diffractometer was used to obtain an X-ray diffraction (XRD) pattern at 

a wavelength Kα = 1.54614 nm with 2 = 20 to 80°, and a minimum step size 2 = 0.001 (Malvern 

Panalytical, Netherlands). 

Fourier-transform infrared (FT-IR) spectra were obtained using Thermo-Scientific's NicoletTM 

iS50 (Thermo Fisher Scientific, USA). 

Materials and reagents 

DVH and SQL were supplied by Nanhai Beisha Pharmaceutical Co. The purity was reported as 

99.20 % for DVH and 99.63 % for SQL.  

SULPHACOX W.S.P (SQL 16 wt.% and DVH 2.5 wt.%), (B.N. 2184329), was purchased from the 

market. Chicken meat was purchased from the local market. Copper oxide nanoparticles were 

obtained from Nano Gate, Egypt.  

Graphite powder with a particle size of 50.0 μm was supplied by Sigma-Aldrich, Germany. Paraffin 

oil (Merck Co., Germany) was used as the pasting liquid in the production of the paste electrodes. 

0.04 M Britton-Robinson buffer (B-R buffer) was utilized as a supportive electrolyte. Phosphoric, 

acetic, and boric acids (Sigma-Aldrich, Germany) were mixed with 0.20 M NaOH to reach the 

required pH (2.0-10.0) [40].  

Double-distilled water from the Human Corporation's New Human Power I water purification 

system (Seoul, South Korea) was used. All reagents were used as obtained from suppliers without 

further purification and the solutions were prepared in double-distilled water. 

Preparation of bare carbon paste electrode 

A carbon paste electrode (CPE) was prepared by mixing 0.50 g of graphite powder with 0.30 mL 

of paraffin oil in a glass mortar. The obtained paste was used in packing the cavity of the electrode 

and filter paper was used to smooth the electrode surface till obtaining the shiny appearance of the 

electrode.  

The diameter of CPE was 2.0 mm, giving a geometric area of 0.0314 cm2 and the diameter of the 

glassy carbon electrode (GCE) was 3.0 mm, giving a geometric area of 0.07 cm2. Before each electro-

chemical experiment, the glassy carbon electrode was manually polished with 0.5 μm alumina 

powder on a smooth polishing cloth to increase the sensitivity and resolution of the voltammetric 

peaks. Following a thorough rinsing with methanol and double-distilled water, it was gently dried 

with tissue paper. 

Preparation of ZnO nanoparticles/carbon paste electrode 

A mixture of 980.00 mg of graphite powder and 20.00 mg of zinc oxide nanoparticles (ZnO NPs) 

was used to fabricate the sensor. Using a mortar, the mixture was gently homogenized for 45.0 min. 

The paste was then made by adding 0.60 mL of paraffin oil. The paste was loaded into the electrode's 

cavity and smoothed with filter paper until it gleamed. By removing the surplus paste from the 

syringe and polishing it with weighing paper, a new surface was obtained. 

https://www.jeol.com/products/scientific/tem/JEM-2100.php
https://www.google.com/url?sa=i&source=web&rct=j&url=https://www.thermofisher.com/io/en/home/technical-resources/manufacturing-site-iso-certifications.html&ved=2ahUKEwiho9_4wPuQAxVoOfsDHW97M04Qy_kOegQIARAB&opi=89978449&cd&psig=AOvVaw3g4_UdInfT6ccwz_K4_HoZ&ust=1763548685349000
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Preparation of CuO nanoparticles/carbon paste electrode 

To prepare the enhanced sensor, 920.00 mg of graphite powder and 80.00 mg of CuO NPs were 

mixed. The mixture was gently homogenized for 45.00 minutes using a mortar. The paste was then 

made by adding 0.60 mL of paraffin oil. After loading the paste into the electrode's cavity, it was 

polished to a shine using filter paper. A fresh surface was achieved by removing the excess paste 

from the syringe and polishing it with weighing paper.  

The redesigned electrode was dubbed CuO NPs/CPE. The same method was used to create a 

variety of modified carbon pastes with different proportions of CuO NPs (2.00, 5.00, 8.00 and 

10.00 wt.%). 

Electrochemical properties of diaveridine hydrochloride and sulfaquinoxaline sodium 

To compare the bare GCE, bare CPE, ZnO NPs/CPE and CuO NPs/CPE responses to DVH and SQL, 
CVs were recorded to measure the current of 0.10 mM DVH and SQL, separately, in 0.04 M B-R 
buffer, pH 7.0, with a scan rate of 100 mV s−1. 

Standard and working solutions 

Stock solutions (0.01 M) of DVH and SQL were prepared separately by dissolving accurately 

weighed quantities of 296.75 and 322.32 mg, respectively, in distilled water and diluting to 100 mL 

in volumetric flasks. The stock standard solutions were diluted with the same solvent to provide 

working solutions for DVH and SQL, with concentrations ranging from 1.00 mM to 10.0 µM. These 

solutions could be stored for about a week at 4 °C. 

Experimental procedure 

Prior to performing any voltammetric measurements, the modified electrode CuO NPs/CPE was 

repeatedly cycled between 0 and 1400 mV at a scan rate of 100 mV s−1 in a 0.04 M B-R buffer solution 

of pH 7.0, until a reproducible response was obtained. Then, the modified CuO NPs/CPE electrode was 

transferred to a separate cell containing the appropriate amounts of DVH or SQL and 0.04 M B-R 

buffer, pH 7.0. CVs were recorded between 0 and 1400 mV at a scan rate of 100 mV s−1. 

Recommended procedure for calibration curves 

DVH aliquots equivalent to 15.00 nM to 120.00 M and SQL aliquots equivalent to 90.00 nM to 

100.00 M were transferred separately using a micropipette into a series of 10 mL volumetric flasks, 

and the volume was adjusted to the mark using 0.04 M B-R buffer, pH 7.0. After transferring the 

solution to the electrolytic cell, a square wave voltammogram (SWV) was recorded. The scan rate 

used in this investigation was 100 mV s-1. Pulse height, pulse width, step height, and scan rate were 

finally chosen to be 10, 25, 50 and 100 mV s-1 to get relatively high and narrow peaks. According to 

the requirements of the International Conference on Harmonisation (ICH), the determination of 

DVH and SQL by the SWV analytical technique was validated [41]. 

Application to pharmaceutical formulation 

A precise amount of 1 g of SULPHACOX W.S.P.® powder, which was claimed to contain 25.00 mg 

of DVH and 160.00 mg of SQL, was transferred into a 100 mL volumetric flask. After extracting the 

powder for 20 minutes using a vortex shaker and 30.0 mL of distilled water, the mixture was filtered 

through 0.45 µm filter paper and transferred into a 100 mL volumetric flask. Then the volume was 

completed to the mark with water. Further dilutions were carried out to obtain final concentrations 

of 8.42 μM for DVH and 49.64 μM for SQL. One mL was precisely transferred into a 10 mL volumetric 

http://dx.doi.org/10.5599/jese.3061
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flask, and the volume was completed to the mark with 0.04 M B-R buffer, pH 7.0. Then the proposed 

method was applied.  

Application to chicken meat 

5.00 g of chicken meat was weighed and then homogenized for 5 min. The homogenized tissues 

were spiked with 1.00 mL of a stock solution (10.00 mM) containing a mixture of 296.75 mg DVH 

and 322.32 mg SQL. The spiked sample was mixed with 15 mL of acetonitrile and homogenized again 

at 5000 rpm for 5 min. After 15 minutes of sonication in an ultrasonic bath, the homogenate was 

centrifuged for 5 minutes at 3000 rpm. The mixture was re-extracted twice, adding 10 mL of 

acetonitrile each time. In 50-mL volumetric flasks, the extracts were combined and distilled water 

was used to complete the volume [42,43] and filtered through a 0.45 μm syringe filter. Then aliquots 

of the filtrate equivalent to (90 nM to 80 M) for both drugs were added to 10 ml volumetric flask 

and completed to the mark with 0.04 M B-R buffer of pH 7.0 to be measured. Then the proposed 

method was applied.  

Results and discussion 

Characterization of CuO nanoparticles 

Transmission electron microscope 

According to the TEM image of the CuO, the synthesized copper oxide exhibited a spherical shape 

with an average size of 30±5 nm. Spherical CuO NPs having a large surface area lead to higher 

reactivity [44] (Figure 2).  

 
Figure 2. TEM images and SAED pattern of CuO NPs 

X-ray diffraction analysis 

CuO NPs with a purity of ≥ 99 % exhibit a strong match with the sample (Figure 3). 
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2 / ° 

Figure 3. The XRD pattern of CuO NPs 

Fourier-transform infrared spectra analysis 

The FTIR spectrum of CuO (Figure 4) shows no peaks around 3500 cm-1, indicating formation of 

CuO without the formation of the hydroxide phase, while the strong absorption peaks observed in 

the range of 500 to 800 cm-1 are due to the stretching vibrational modes of CuO [45]. These findings 

confirm the purity and successful formation of CuO in a pure phase. 

 
Wavenumber, cm-1 

Figure 4. FTIR spectrum of CuO NPs 

Electrochemical behaviour of the developed electrode 

The surface area of CPE and the constructed sensor electrode of 8.00 wt.% CuO NPs/CPE was 
determined using the Randles-Ševčik equation [46] and measuring CVs in the presence of 5.00 mM 

K3Fe(CN)6 probe at different scan rates (Figure 5). CPE and 8.00 wt.% CuO NPs/CPE had surface 
areas of 0.055 and 0.293 cm2, respectively. The gathered information demonstrated that using 
copper oxide nanoparticles in the CuO NPs/CPE sensor increases the electrode area and the 
electrochemical activity [47].  

The CVs of bare GCE, bare CPE, ZnO NPs/CPE and CuO NPs/CPE were examined using 5.00 mM 

K3Fe(CN)6 as the electrochemical probe to better understand the electrochemical behaviour of the 

electrodes. Figure 6A shows that, among the other sensors, the highest anodic peak current was 

obtained at 8.00 wt.% CuO NPs/CPE, which may be ascribed to its greater surface area and good 

electrochemical conductivity owing to the integration of CuO nanoparticles. CuO NPs/CPE has 3.19 

times more intense redox peaks than CPE.  
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E / V vs. Ag/AgCl 

Figure 5. CVs of CuO NPs/CPE in 5.00 mM K3Fe(CN)6 solution in 0.10 M KCl at different scan rates. The inset 
shows the anodic I vs. ν1/2 plot  

Furthermore, CV responses in the presence of 0.10 mM DVH and SQL, separately, in 0.04 M B-R 

buffer, pH 7.0, were used to analyse the modified sensor's electrochemical behaviour. The electro-

chemical oxidation of DVH and SQL are represented by the anodic peak current were 28.30 µA at 

1134.52 mV for DVH (Figure 6C) and 26.00 µA at 885.22 mV for SQL (Figure 6D) when using bare 

CPE, whereas the current magnitude of DVH and SQL increased to 103.93 µA at 1085.31 mV for DVH 

and 92.06 µA at 821.29 mV for SQL when using 8.00 wt.% CuO NPs/CPE. Comparing the electrode 

responses, the CuO NPs/CPE have the highest anodic current. As a result of their strong catalytic 

activity, CuO NPs act as a mediator, increasing the rate of electron transfer. 

Electrochemical impedance spectroscopy (EIS) was used to obtain a convenient determination of 

both mass-transport and kinetic parameters, as well as the charge transfer coefficient [48]. 

Figure 6B depicts the EIS response for bare GCE, bare CPE, ZnO NPs/CPE and CuO NPs/CPE. EIS 

measurements were performed in a 5.0 mM K3Fe(CN)6 solution in 0.1 M KCl. As shown in Figure 

6B, a semi-circle was verified at the region of high frequencies and as is commonly known, the 

diameter of this semi-circle is equivalent to the charge transfer resistance across the electrode 

interface. Thus, as a preliminary qualitative analysis of the Nyquist plots, a decrease in the semi-

circle diameter for the modified CPE with CuO NPs is observed, indicating an improvement in charge 

transfer at this electrode compared to the bare CPE.  

The equivalent circuit model (inset of Figure 6B) was selected to fit the acquired impedance data 

for the electron transfer process (modelled as a charge-transfer resistance, RCT) and the diffusion 

process (modelled as a Warburg impedance, W). The RCT and W are both in parallel with the 

interfacial capacitance (C). By fitting the data, the RCT was estimated to be 5546 Ω at the bare CPE, 

decreasing to 1420 Ω for CuO NPs/CPE, indicating the significantly lower electron-transfer resistance 

of CuO NPs/CPE compared with other electrodes. The results are consistent with the CV results, 

suggesting that the CuO NPs/CPE composite may provide higher electron-conducting pathways. 
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 E / V vs. Ag/AgCl Zre / k 

     
 E / V vs. Ag/AgCl E / V vs. Ag/AgCl 

Figure 6. (A) CVs at a scan rate of 100.0 mV s−1 and (B) impedance plots of 5.00 mM K3Fe(CN)6 in 0.10 M KCl 
solution. CVs of 0.10 mM of (C) DVH and (D) SQL in 0.04 M B-R buffer pH 7.0, recorded at bare GCE, bare CPE, 

ZnO NPs/CPE and CuO NPs/CPE electrodes 

Effect of CuO nanoparticles content  

The content of CuO NPs used in sensor manufacture determines the electrochemical behaviour 
of CuO NPs/CPE. Using ratios ranging from 2.0 to 10.0 % as a function of CuO NPs, the anodic peak 
current for DVH and SQL oxidation at the CuO NPs/CPE electrode was investigated (Figure 7).  

 
CuO NPs content, wt.% 

Figure 7. Effect of different CuO NPs percentages used to fabricate CuO NPs/CPE on anodic peak current 
values of 0.10 mM DVH and 0.10 mM SQL in 0.04 M B-R buffer pH 7.0  

The optimal anodic peak current was obtained when the CPE was modified with 8.0% CuO NPs. 

The background current increased with increasing CuO NP concentration, reducing the reproduce-

ibility of the DVH and SQL responses. The emergence of non-Faradaic current is the term used to 
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describe the increase in background current. In basic voltammetric research, experimental setups 

are typically designed to have very low non-Faradaic contributions [49]. 

pH optimization 

The electrochemical behavior of DVH and SQL depends on the buffer solution pH. In the pH study, 

CV was performed on the CuO NPs/CPE using 0.1 mM of DVH and SQL separately over a pH range 

of 2.0 to 10.0 in a 0.04 M B-R buffer solution at a scan rate of 100 mV s-1. This scan rate was selected 

because it yielded relatively high sensitivity and well-shaped voltammetric curves with a narrow 

peak width. Figure 8A and Figure 8B represent the behavior of DVH and SQL, respectively, at 

different pH. It can be seen that peak potentials (Ep) shift towards more negative values with 

increasing pH (indicating that the oxidation of DVH and SQL is pH-dependent). The maximum anodic 

peak current was observed at pH 7.0 and was therefore selected as the optimum pH for the sensitive 

simultaneous determination of DVH and SQL. Examination of Ep values shows a linear relationship 

with buffer solution pH, which can be represented as: Ep = 1.40 - 0.050 pH (R2 = 0.9991) for DVH, 

and Ep =1.17 - 0.054 pH (R2 = 0.9992) for SQL. The slopes of the linear Ep vs. pH relationship are 50.0 

and 54 mV pH-1 for DVH and SQL, which obey the Nernst equation, indicating that the electro-

chemical oxidation process involves an equal number of electrons and proton transfer reaction [48]. 

The proposed mechanisms for the oxidation of DVH and SQL are revealed in Scheme 1. 

 
Figure 8. CV responses of (A) 0.10 mM DVH and (B) 0.10 mM SQL at different pH values using CuO NPs/CPE, 

at scan rate 100.00 mV s-1. The insets show plots of anodic peak (I) current, and (II) potential versus pH 

A 

 
B 

 
Scheme 1. The suggested electrochemical oxidation mechanism of A) DVH and B) SQL 
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Scan rate impact 

To explore the process behaviour at the sensor surface and to evaluate the electrochemical 

strategy of the sensor reaction, CVs of a constant concentration (0.10 mM for both drugs) at pH 7.0 

were collected at varied scan rates (Figure 9). 

 
 E / V vs. Ag/AgCl E / V vs. Ag/AgCl 

Figure 9. CVs of (A) 0.10 mM DVH and (B) 0.10 mM SQL in 0.04 M B-R buffer pH 7.0 using CuO NPs/CPE 
sensor, recorded at various scan rates (20.0 to 200.0 mV s-1). Insets: (I) plots of peak current vs. the square 

root of scan rate, and (II) plots of log peak current vs. log scan rate 

The increase in scan rate was accompanied by higher peak currents (I). As shown in insets (I) of 

Figure 9A and 9B, the I values for both drugs increased linearly with the square root of the scan rate, 

indicating that the process is diffusion-limited. For the oxidation process of DVH, the appropriate 

linear equations were I = 8.75 1/2(mV1/2 s-1/2) + 10.39, R2 = 0.9996, while for SQL, I = 8.16  1/2(mV1/2s-

1/2) + 7.70, R2 = 0.9992. The processes at the working electrode surface are clearly diffusion-

controlled, as indicated by the foregoing findings. 

Insets (II) of Figure 9A and B, show direct proportionality between log of peak current and log of 

scan rate in the 20 to 200 mV s-1 range, defined by log I = 0.43 log  +1.13, R2 = 0.9992 for DVH and 

log I = 0.44 log  + 1.07; R2 = 0.9984 for SQL. The slope of the derived linear relationships is less than 

0.5, indicating that the electroactive constituents of the two drugs are transported via a diffusion-

controlled mechanism, and that the modified electrode, CuO NPs/CPE, plays a substantial role [49]. 

Chronoamperometric measurements 

Cottrell's law [50] describes the current corresponding to the electrochemical reaction (under 

diffusion control) for an electroactive material with the diffusion coefficient (D) as Equation (1): 
I = nFAC(D/πt)1/2 (1) 

where A is the electrochemically active area, D is the diffusion coefficient, C is the analyte concen-

tration, t is time, while the rest of the parameters have their standard definitions. 

The diffusion coefficients of analytes were calculated for bare CPE and CuO NPs/CPE using the 

Cottrell equation [51]. From Figure 10, the diffusion coefficient values were found to be 0.0439 and 

0.00130 mm2 s-1 for DVH and SQL, respectively. The diffusion coefficient value of CuO NPs/CPE is 

greater than that of CPE, showing that the modified electrode has more diffusion capacity than the 

bare electrode and the CuO NPs facilitated the charge transfer and diffusion of ions through the 

electrode surface. 
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 t / s t / s 

Figure 10. Chronoamperograms for the oxidation of different concentrations of (A) DVH and (B) SQL at CuO 
NPs/CPE surface in B-R buffer, pH 7.0, for a potential step of 1085.31 mV for DVH and 821.29 mV for SQL vs. 

Ag/AgCl. Insets (I): I vs. t−1/2(Cottrell equation) and insets (II): Cottrell slope of the straight lines against 
concentration of drugs 

Validation of the proposed CuO nanoparticles/carbon paste electrode 

The linearity, selectivity, precision, and accuracy of the created electrochemical platform were 

tested in accordance with the International Conference on Harmonization (ICH) requirements [41]. 

Linearity 

Using the CuO NPs/CPE, it was discovered that the peak currents related to the electrochemical 

oxidation of DVH are linearly dependent on DVH quantity over the range of 15.00 nM to 120.00 M, 

while the regression equation is found to be: I = 0.934 CDVH + 17.01; R2 = 0.9995 (Figure 11A). On the 

other hand, the linearity range for SQL is found to be 90.00 nM to 100.00 M and the regression 

equation is found to be: I = 0.756 CSQL + 16.34; R2 = 0.9994 (Figure 11B). 

Detection and quantitation limits  

The limit of detection (LOD) and the limit of quantification (LOQ) were determined to be 3.35 and 

10.14 nM, respectively for DVH, and 12.5 and 37.80 nM, respectively for SQL by utilizing the 

formulas 10S/b and 3.3S/b (where S is defined as the standard deviation of the I and b is referring 

to the calibration curve slope).  
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Figure 11. SWVs using CuO NPs/CPE sensor in B-R buffer pH 7.0, corresponding to (A) 15.00 nM to 20.00 M 

DVH and (B) 90.00 nM to 100.00 M SQL. Insets: plots of peak current vs. concentration of drugs 

Accuracy 

The percent recovery of the proposed electrochemical procedure was used to assess accuracy [41]. 

Five repeat assays were performed at varying concentrations of DVH and SQL within the quantification 

ranges. The accuracy of the disclosed technique for DVH and SQL assay was demonstrated with 

satisfactory results, as shown in Table 1.  

Table 1. Accuracy of the proposed SWV method for the determination of DVH and SQL in drug substance 

Amount taken, µM Amount found, µM Recovery, % 

DVH 

20.00 20.23 101.15 

40.00 39.88 99.70 

60.00 59.90 99.83 

80.00 81.14 101.43 

100.00 100.50 100.50 

Mean ± RSD* 100.52 ± 0.77 

SQL 

10.00 9.83 98.30 

20.00 19.73 98.65 

60.00 59.67 100.92 

80.00 80.64 101.04 

100.00 99.70 99.70 

Mean ± RSD 99.72 ± 1.26 

*relative standard deviation 

Repeatability and intermediate precision 

The mean RSD, % was calculated after triplicate examinations of three concentrations of DVH 

and SQL (20.00, 80.00 and 100.00 µM), performed on the same day (intra-day test) or over three 

successive days (inter-day assay). As shown in Table 2, the estimated average RSD for the intra- and 

inter-day studies did not exceed 2 %, demonstrating acceptable precision. The stability of the 

CuO NPs/CPE was investigated over an 8-day storage period in air, with no change in the 

voltammetric peak current. Table 2 shows that the sensor maintained 98.75 to 101.29 % of its initial 

response after 14 days. 

Table 2. Repeatability and intermediate precision of the proposed SWV method for the determination of DVH 
and SQL in drug substances 

Amount taken, µM 
Intra-day  Inter-day  

Amount found ± SD*, µM Precision (RSD, %) Amount found ± SD*, µM Precision (RSD, %) 

DVH 

20.00 20.11 ± 0.216 1.074 20.01 ± 0.129 0.645 

80.00 80.14 ± 0.264 0.329 79.67 ± 0.670 0.841 

100.00 100.45 ± 0.665 0.662 99.83 ± 0.791 0.792 
SQL 

20.00 19.84 ± 0.127 0.640 20.11 ± 0.246 1.223 

80.00 79.00 ± 0.400 0.506 81.03 ± 0.351 0.433 

100.00 100.65 ± 0.855 0.849 101.08 ± 0.288 0.285 

http://dx.doi.org/10.5599/jese.3061
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*standard deviation 

Statistical analysis 

Student t-test and F value were used in data comparison and results showed that there are no 

significant differences between the proposed method and the manufacturer's or reported methods, 

concluding that the proposed method is accurate and precise as given in Table 3. 

Table 3. Statistical comparison between the proposed method and the manufacturer method for the 
determination of DVH and SQL 

Parameters 
DVH SQL 

Proposed method Manufacturer methoda Proposed method Reported methodb [18] 

Meanc 100.52 99.67 99.72 99.07 
Standard deviation 0.77 1.28 1.26 1.08 

n 5 5 5 5 

Variance 0.59 1.64 1.59 1.16 

Standard error 0.34 0.57 0.56 0.48 

t-value (2.306)d 1.26 - 0.88 - 
F-value (6.390)d 2.74 - 1.37 - 

aManufacturer HPLC method for DVH using Eclipse PLUS C18 5 μm, 150×4.6 mm as column and methanol, phosphate buffer (13.61 g of 
potassium dihydrogen phosphate in 800 mL distilled water adjusted to pH 2.0 with phosphoric acid) then complete to 1000 mL with 
distilled water), in ratio; 30:70 (v/v) as mobile phase with flow rate 1.5 mL/min, injection volume 10.0 μL and UV detection at 230 nm. 
bReported HPLC method for SQL using SEA C18 5 μm, 250×4.6 mm as column and mixture of methanol: acetonitrile: distilled water, 
in ratio 20:20:60 (v/v) as mobile phase with flow rate 0.8 mL min-1, injection volume 30 μL and UV detection at 230 nm. 
cMean of five determinations at four different concentrations. 
dthe values between parentheses are the theoretical values of t and F at (p = 0.05). 
 

Analytical parameters involving LOD, LOQ, regression, accuracy and precision are summarized in 

Table 4.  

Table 4. Analytical parameters and validation results for the determination of DVH and SQL in drug 
substances in 0.04 M B-R buffer pH 7.0 at CuO NPs/CPE using the proposed SWV method 

Analytical parameters DVH SQL 
Concentration linearity range, M 0.015 to 120.000 0.090 to 110.000 

Regression parameters 
Intercept, µA 

Slope, µA µM−1 
Standard error of intercept, µA 

Standard error of slope, nA µM−1 
Correlation coefficient 

 
17.01 
0.93 

0.481 
2.63 

0.9995 

 
16.34 
0.76 

0.456 
9.53 

0.9994 
Accuracy 

Mean* ± RSD, % 
 

100.52 ± 0.77 
 

99.72 ± 1.26 
Precision** 

Repeatability (RSD, %) 
Intermediate precision (RSD, %) 

 
0.190 
0.230 

 
0.998 
0.377 

LOD, nM 3.35 12.50 
LOQ, nM 10.14 37.80 

*Mean of five different determinations; **n = 9 

Analytical application of CuO nanoparticles / carbon paste electrode 

Simultaneous determination of diaveridine hydrochloride and sulfaquinoxaline sodium in chicken 
meat samples 

Figure 12A shows SWVs of CuO NPs/CPE in a B-R buffer solution, pH 7.0, containing different con-
centrations of both drugs (DVH and SQL) in a spiked chicken meat sample. Well-defined anodic peaks 
at potentials of 951.00 and 714.00 mV correspond to the oxidation of DVH and SQL, respectively. As 
seen in Figure 12B and 12C, the electrode response to chicken meat is linear over the range 90.00 nM 
to 80 µM for both drugs, with correlation coefficients R2 = 0.9995 for DVH and R2 = 0.9993 for SQL. It 
is evident from the results that monitoring of DVH and SQL residues can be achieved by the 
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investigated method, as according to the European Union, the maximum residue level (MRL) was 

stated to be 100 µg kg-1 for both drugs [10] in chicken meat (MRL limit is equivalent to 1.68 M for 

DVH and 1.55 M for SQL). 

 
E / V vs. Ag/AgCl 

 
Figure 12. (A) SWVs of CuO NPs/CPE in a B-R buffer solution, pH 7.0, containing 90 × 10−9- 80.00 × 10−6 M of 

DVH and SQL in spiked chicken meat. Plots of I versus concentration of (B) DVH and (C) SQL 

The data obtained (Table 5) show satisfactory recoveries for DVH and SQL in chicken meat 

samples, with recovery ± RSD values 95.79 ± 1.34 and 94.10 ± 1.921 %, respectively.  

Table 5. Assay results for the simultaneous determination of DVH and SQL in chicken meat using the 
proposed method 

Sample DVH SQL 

Amount added, µM Amount found, µM Recovery, %* Amount found., µM Recovery, %* 
8 7.54 94.25 7.33 91.63 

20 19.04 95.20 18.86 94.30 

60 57.85 96.42 57.79 96.32 

80 77.83 97.29 75.33 94.16 

Mean ± RSD  95.79 ± 1.34  94.10 ± 1.921 
*Average of three determinations 

Application to the simultaneous determination of diaveridine hydrochloride and sulfaquinoxaline 
in pharmaceutical formulation 

According to the literature, there is no reported work for the simultaneous determination of DVH 

and SQL by electrochemical methods. Therefore, the main key feature of this work is the deter-

mination of DVH and SQL simultaneously in SULPHACOX W.S.P.® powder using CuO NPs/CPE 

platform to demonstrate the applicability of the proposed electrode. The validity of the proposed 

method was assessed by applying the standard addition technique.  

The sensitivity of the modified electrode towards the oxidation of DVH and SQL in case of the 

single determinations was 0.93 and 0.76 μA µM-1, respectively. These values are very close to those 
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obtained for the mixture of DVH and SQL, which are 0.90 and 0.74 μA µM-1, respectively. The results 

indicate that the oxidation processes of these compounds at the CuO NPs/CPE are independent, and 

therefore simultaneous determination of their mixtures is possible without significant interferences. 

The listed results in Table 6 show good precision and accuracy of the proposed method, which 

showed accurate results and there was no interference from excipients. 

Based on the experimental results, it is clear that this sensor has significant potential for the 

determination of trace amounts of these compounds in pharmaceutical formulations. 

Comparing our proposed electrode to the reported ultrafine urethane electrode for DVH 

determination [23], it is obvious that the present voltammetric work showed a wider dynamic range, 

while the range of the reported electrode was 1.68 to 16.4 M. 

Table 6. Application of the standard addition method for simultaneous determination of DVH and SQL in 
SULPHACOX W.S.P.® powder 

Drug Amount taken, µM Amount of standard added, µM Amount found, µM Recovery, %* 

DVH 8.42 

20.00 20.27 101.35 

80.00 79.40 99.25 

100.00 99.80 99.80 

Mean ± RSD   98.87 ± 0.697 100.13±1.09 

SQL 49.64 

10.00 9.91 99.10 

30.00 29.87 99.57 

50.00 49.63 99.26 

Mean ± RSD   99.82 ± 0.882 99.31±0.241 

*Average of three determinations. 

Assessing the greenness of the developed method 

Green analytical chemistry (GAC) requires a thorough assessment of all steps in an analytical 

procedure to ensure minimal environmental impact. Various evaluation tools exist, each offering 

unique strengths and limitations [52]. To achieve a well-rounded assessment, it is essential to utilize 

tools that address multiple dimensions of green chemistry. 

In this study, a dual-tool approach was employed to evaluate the environmental sustainability of 

the developed method. The first tool, the modified green analytical procedure index (MoGAPI), 

provides a comprehensive assessment covering the entire process, including pre-analytical steps 

such as electrode fabrication. The second tool, AGREE, focuses on the analytical phase post-

electrode creation and assesses the method’s compliance with the 12 principles of green analytical 

chemistry. Together, these tools provide an in-depth, balanced overview of the method's 

environmental impact. 

Complex modified green analytical procedure index (complex MoGAPI) 

The Complex MoGAPI tool provides a detailed visual and numerical evaluation of the method, 

using a series of pentagrams and a hexagonal diagram to represent the pre-analytical processes. It 

employs a color-coded system, red for high environmental risk, yellow for moderate impact, green 

for eco-friendly practices, and white for unavailable data to facilitate a quick and intuitive 

assessment [53]. Additionally, it provides a numerical score from 0 (least green) to 100 (most green) 

to quantify the method's alignment with GAC principles. In our case, as shown in Figure 13A, the 

method achieved a score of 85, indicating a high level of environmental friendliness, especially in 

sample preparation and procedural steps. The dominance of green areas in the MoGAPI pictogram 

also highlights the excellent eco-profile of the electrode fabrication process. 

Analytical greenness  
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Analytical greenness AGREE evaluates adherence to the 12 principles of green analytical 

chemistry, offering both a visual clock-like diagram and a numerical score. The scale ranges from 0 

(poor, shown in red) to 1 (excellent, shown in green), providing insight into the overall and individual 

environmental performance of the method. While MoGAPI gives a broad overview, AGREE offers a 

more detailed examination of how well the method aligns with each GAC principle [54]. In our 

evaluation, the developed voltammetric method showed strong alignment with green chemistry 

standards. Most segments appeared in green, with only three in other colour due to the use of a 

non-automated device, a non-biobased buffer, and some waste production. The final AGREE score 

was 0.77, indicating a high level of greenness. The full evaluation is illustrated in Figure 13B. 

The greenness assessment using both complex MoGAPI and AGREE tools demonstrated that the 

proposed electrochemical method offers a sustainable and environmentally friendly approach for 

the simultaneous analysis of DVH and SQL. These findings highlight the method’s potential as a 

green analytical approach for use in pharmaceutical formulations and chicken tissue matrices. 

  
Figure 13. Greenness evaluation of the developed voltammetric method for simultaneous determination of 

DVH and SQL using (A) Complex MoGAPI, (B) AGREE 

Conclusion 

The proposed study introduces an innovative electrochemical protocol for the simultaneous 

determination of DVH and SQL utilizing a carbon paste electrode modified with CuO NPs. The 

voltammetric responses of the CV and SWV tests revealed effective electrochemical activity, high 

sensitivity, selectivity, and repeatability of the prepared CuO NPs/CPE. The technique was used to 

simultaneously measure DVH and SQL in drug substances, chicken meat and pharmaceutical 

formulations. The method's low detection limit, along with the convenience of electrode fabrication, 

makes it ideal for reliable drug determination in routine quality control work, and the findings 

demonstrate that the proposed sensor can detect residues of DVH and SQL in chicken meat to ensure 

food safety. Greenness assessment via Complex MoGAPI and AGREE confirms the method’s 

sustainability for analysing DVH and SQL in pharmaceutical formulation and chicken meat. 
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