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Abstract
Cyanuric acid (CA) is known as an important environmental and human toxin with low electroactivity. Therefore, it is an 
attractive issue to develop an electrochemical sensor for CA determination. Here, we reported a novel electrochemical sen-
sor for the indirect electrochemical determination of CA using the complex formation between CA and melamine (MEL), 
for the first time. Firstly, the electrochemical conversation of MEL to electroactive polymelamine was conducted using a 
glassy carbon electrode modified with overoxidized Poly-(para-aminophenol) film. MEL was chosen as a probe for indirect 
determination, and its current intensity was recorded. CA was then added to the medium, and the decline in the current 
intensity was considered as the sensor response. The calibration curve within the range of 100–2500 µmol L−1 was con-
structed from sensor response against CA concentration using square wave voltammetry. The limit of detection was found 
to be 80.28 µmol L−1. Moreover, the proposed mechanism for the indirect determination of CA was investigated based on 
the quantum theory of atoms in molecules analysis. Finally, the developed method was able to exhibit an excellent recovery 
range (91.2–101.0%) for the real sample analysis.
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modified the surface of a glassy carbon electrode (GCE) 
with polyaniline/CuGeO3 nanowire, and employed it for 
direct determination of CA using cyclic voltammetry 
(CV). These direct electrochemical methods suffer from 
some disadvantages. Since DPP uses the dropping Hg 
electrode as the working electrode, it suffers from the 
disadvantages of Hg in toxicity, storage, and disposal [22, 
23]. Moreover, it should be noticed that the CV method 
is not recommended for electroanalytical applications 
[24]. Indirect strategy can be an applicable method when 
the aim is the determination of a target compound with 
low electroactivity. This strategy is based on the inter-
action between an analyte with low electroactivity and 
an electroactive substance as the electrochemical probe, 
and consequently, the signal variations of the probe are 
monitored. For instance, Sağlam et al. [25] developed 
an indirect electrochemical method to determine boron 
based on the complex formation between boric acid and 
mannitol. Boron and mannitol are electrochemically inac-
tive and active compounds, respectively. So, boron can 
be determined indirectly using electroactive complexing 
agents such as mannitol. Similarly, as CA shows a low 
electroactivity, it can be determined using the indirect 
strategy. Many researchers have proved the formation 
of a 1:1 complex between MEL and CA through hydro-
gen binding interactions [26–29]. This fact motivated 
us toward the use of the indirect electrochemical strat-
egy based on the complexation between CA and MEL 
to determine CA. Figure 1 shows the structures of CA, 
MEL, and CA-MEL complex. Our research group in 2021 
has developed a simple electrochemical preconcentration 
method for the effective quantification of MEL [30]. In 
this work, a GCE was modified with overoxidized Poly-
(para-aminophenol) film (OX-PPAP/GCE) to precon-
centrate MEL through the potentiodynamic technique. 
The highlighted results revealed that MEL could be an 
appropriate probe for the indirect determination of CA.

In the present work, a novel electrochemical method for 
the indirect determination of CA was developed based on the 
complex formation between CA and MEL. The MEL with 
low electroactivity was converted to electroactive polymela-
mine (PMEL) through polymerization onto the OX-PPAP/
GCE surface as the modified electrode. However, the MEL 
current was measured using the modified electrode before 
and after the CA addition, which formed a 1:1 complex with 
MEL. Consequently, the current decrement was considered 
as the sensor response and recorded versus the CA concentra-
tion. Also, the proposed electrochemical sensor was success-
fully applied to CA determination in breast milk samples.

1  Introduction

Cyanuric acid (CA) or 2,4,6-trihydroxy-1,3,5-triazine, is 
a structural analog of melamine (MEL) which is widely 
utilized in the production of chlorine stabilizers, house-
hold bleaches, disinfectants, and, automatic dishwasher 
compounds [1]. It should be pointed out that MEL can be 
hydrolyzed sequentially to CA and other analogs, such as 
ammeline, and ammelide [2]. Owing to its high nitrogen 
content, MEL is deliberately added to food ingredients to 
enhance the protein content of products, especially milk 
products [3]. Due to its widespread application, continu-
ous exposure to CA and its analogs through food products 
[4, 5] and environmental pathways (e.g., sewage sludge, 
swimming pool water, and farm soils) [6–8] is unavoid-
able. CA at high levels has been found to harm health by 
causing liver toxicity [9]. Besides, CA is a well-known 
kidney toxicant and, when it presents in high concentra-
tion along with MEL, it forms insoluble crystals which 
participate in distal renal tubules, leading to kidney dam-
age and death [10–12].

Breast milk is a unique biofluid that satisfies all of the 
nutritional and immune requirements of infants [13]. Never-
theless, this biofluid has been regarded as the main exposure 
source of toxic chemicals in infants, including CA [14]. Con-
sidering the adverse health effect of CA, its quantification in 
breast milk is indispensable.

Up to now, chromatographic techniques, including 
high-performance liquid chromatography (HPLC) [15], 
liquid chromatography coupled to mass spectrometry 
(LC–MS) [16], and gas chromatography coupled to 
mass spectrometry (GC–MS) [17] are the main tech-
niques to determine CA, Unfortunately, these methods 
have some drawbacks, including time-consuming, tedi-
ous, and need of expensive instruments and hazardous 
solvents (in the case of LC methods). Contrastly, elec-
trochemical sensors are able to overcome these prob-
lems to some degree. These sensors are an interesting 
variation of sensors because of their unique properties, 
including versatility, selectivity, sensitivity, and low-
cost. Electrochemical sensors are low-cost and simple 
in comparison to chromatographic methods. Also, they 
can rapidly detect the target compounds without the need 
for organic solvent, so these are greener and faster than 
chromatographic techniques [18]. The electrochemical 
sensors are usually designed based on two strategies: 
direct and indirect methods. Yilmaz et al. [19] applied 
differential pulse polarography (DPP) to determine the 
CA amount in swimming pool water. Pei et al. [20, 21] 
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2 � Experimental

2.1 � Chemicals and reagents

All chemicals were analytical reagent grade and used without 
further purifications. Para-aminophenol (PAP) was obtained 
from Sigma Aldrich (Steinheim, Germany). CA, MEL, 
sodium hydroxide (NaOH), sodium dodecyl sulfate (SDS), 
acetic acid (HOAC), hydrochloric acid (HCl), sulfuric acid 
(H2SO4), potassium hexacyanoferrate (K3[Fe(CN)6]), and 
zinc acetate dihydrate (Zn(CH3CO2)2.2H2O) were pur-
chased from Merck Company (Darmstadt, Germany). Stock 
standard solution of CA was prepared at a concentration of 
0.01 mol L−1. Working solutions were daily made by dilut-
ing the stock solution of CA with deionized water. Carrez 
solution (I) was prepared by dissolving 5.3 g of K3[Fe(CN)6] 
in 50 mL of deionized water. To prepare Carrez solution 
(II), 11.0 g of Zn(CH3CO2)2.2H2O was mixed with 1.5 mL 
HOAC, and then its volume was adjusted to 50 mL by deion-
ized water.

2.2 � Preparation of OX‑PPAP/GCE

A potentiostat/galvanostat (797 VA Computrace polarogra-
phy system, Metrohm, Herisau, Switzerland) was employed 
to perform all electrochemical experiments by taking a lab-
made cell consisting of a KCl-saturated calomel electrode 
(SCE), a platinum rod, and a GCE (Azar Electrode Co., Iran) 
as the reference, counter, and working electrodes, respec-
tively. Before any modification, the GCE surface was well-
polished and activated using wet alumina slurries (0.3 μm) 
on silk, followed by sonicating in ethanol solution (50%) 
for 10 min.

OX-PPAP/GCE was fabricated based on the manner 
reported in our previously published report [30]. Briefly, 
the PAP electropolymerization on the GCE surface was 
carried out in the aqueous electrolyte solution contain-
ing 50 mmol L−1 of PAP monomer, 1 mol L−1 HCl, and 
7 mmol  L−1 SDS. Uniform PPAP film deposited on the 
GCE (denoted as PPAP/GCE) was obtained at an optimized 
potential range from − 0.6 and + 2.0 V/SCE with 100 mV s–1 
scan rate using 15 cycles. The overoxidation of as-fabricated 
PPAP/GCE was then conducted by dipping the modified 
GCE into NaOH solution (0.1 mol L−1) and applying + 1.2 V 
for 450 s. Afterward, the as-prepared modified electrode 
(denoted as OX-PPAP/GCE) was rinsed several times with 
deionized water.

2.3 � Electrochemical determination of CA

The OX-PPAP/GCE electrode was positioned in an 
aqueous solution containing MEL (60 µmol  L−1), NaCl 
(0.03 mol L−1), and H2SO4 (0.15 mol L−1). The potentio-
dynamic method was conducted from − 0.25 to + 1.55 V at 
a scan rate of 100 mV s−1 to pre-concentrate MEL on the 
modified GCE surface. After rinsing the electrode with the 
deionized water, the square wave voltammetry (SWV) tech-
nique was used to detect MEL at the optimized parameters of 
frequency 140 Hz, voltage step of 2 mV, and pulse amplitude 
50 mV in the solution containing 0.1 mol L−1 NaNO3, and 
0.05 mol L−1 H2SO4 [30]. To quantify CA using the indirect 
electrochemical method, the current intensity of MEL as 
the probe was measured before and after CA addition. After 
the addition of CA, MEL reacted with CA, and the current 
of free MEL was measured. The sensor response can be 
expressed as the following equation:

Fig. 1   The structure of CA, 
MEL, and CA-MEL complex
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where I0 and I represent the current of MEL before and after 
CA addition, respectively. ΔIMEL (µA) represents the sensor 
response observed at 0.58 V.

2.4 � HPLC analysis

The chromatographic analysis of CA was conducted with 
an HPLC system (Knauer, Berlin, Germany), equipped 
with a UV detector Model K-2600 (KNAUER, Smartline, 
Germany) with a K-1001 piston pump. An analytical octa-
decylsilyl column (ODS, 4.6 mm × 250 mm, 5 µm) was 
used to separate CA. The column temperature was 25 °C, 
and the injection volume was 20 µL. The CA separation 
was obtained using the mobile phase consisting of phos-
phate buffer: methanol, v/v (95:5 v/v, pH = 7.2–7.4) at a 
1.0 ml min−1 flow rate. The UV monitoring wavelength was 
set at 213 nm [31].

2.5 � CA extraction

Two breast milk samples were collected from mothers living 
in different areas of Hamedan, Iran. Before the real sam-
ple analysis by the developed method, a total of 2 mL of 
breast milk was transferred into a conical tube, and fortified 
with a known concentration of MEL standard, as the probe. 
Afterward, the samples were extracted using 2% H2SO4 and 
de-proteinated by adding 1 mL of both Carrez solutions. 
Subsequently, each sample mixture was shacked for 5 min 
and centrifuged at 4000 rpm for 20 min. The supernatant 
was analyzed using the developed method.

ΔI
MEL

= I0 − I, 2.6 � Computational details

Full geometry optimizations of CA, MEL, and CA-MEL 
complex were carried out using density functional theory 
(DFT). Gaussian 09W software [32] was employed for all 
computational procedures at the B3LYP/6-31G (d,p) level of 
theory. Bader’s QTAIM [33] analysis was conducted using 
the AIM2000 package [34] to study the interactions.

3 � Results and discussion

3.1 � Characterizations of the modified GCE

The characterization of PPAP/GCE and OX-PPAP/GCE 
electrodes using field emission scanning electron micros-
copy, Fourier transform infrared spectroscopy, CV, and elec-
trochemical impedance spectroscopy techniques have been 
described in our previous study in detail [30]. Figure 2A 
displays CV curves of the electropolymerization process of 
PPAP in the potential range between − 0.6 to + 2.0 V/SCE 
at a scan rate of 100 mV s−1. The first cycle exhibits two 
oxidation peaks (at 0.64 and 1.70 V), and one reduction (at 
0.4 V), which are ascribed to the electroformation of inter-
mediate species [35, 36]. The reaction of formed species 
with PAP monomers, and consequently, the polymer growth 
occurs with the increasing cycle numbers [37]. The shift of 
the oxidation peak to more positive potentials observed with 
the increasing cycles is strong evidence for the continuous 
growth of PPAP polymer [35]. In the following, the over-
oxidation of as-fabricated PPAP/GCE in 0.1 mol L−1 NaOH 
was conducted to improve the conductivity and obtain a 
more porous surface. Finally, an adherent and homogeneous 
film, named OX-PPAP/GCE was coated on the GCE surface.

Fig. 2   Voltammograms of A the PAP electropolymerization on the surface of bare GCE (the inset shows the cycle number 1), B the electro-
chemical preconcentration of 60 μmol L−1 MEL at OX-PPAP/GCE
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3.2 � Electrochemical determination of CA

The mechanism of preconcentration of MEL at the OX-
PPAP/GCE surface was briefly discussed. The mechanism 
contains two steps: (i) the electro-generation of active chlo-
rine species from chloride ions, (ii) The electro-assisted 
polymerization of MEL to form electro-active PMEL (the 
formation of preconcentrated MEL). To confirm the pro-
posed mechanism, the CV method was employed. Figure 2B 
shows the CV curves obtained during the MEL preconcen-
tration on the modified electrode within − 0.25 to + 1.55 V at 
the scan rate of 100 mV s−1 and in the electrolyte containing 
NaCl (0.03 mol L−1) and H2SO4 (0.15 mol L−1). The irre-
versible anodic peak that appeared at around + 1.55 V/SCE, 
was ascribed to the electro-generation of active chlorine spe-
cies [38–40]. It should be stressed that the observed irrevers-
ible anodic peak at high positive potentials (up to + 1.55 V) 
corresponded to the electro-oxidation of chloride ions into 
active chlorine species, such as HOCl, OCl−, Cl2●, Cl●, and 
ClO● [38–40]. Chen et al. previously reported that these 
active chlorine species play a critical role in the electropo-
lymerization of MEL [41]. The reversible peaks present 
at + 0.61 V/SCE corresponded to the transformation of 
–NH– sites into azo sites in PMEL [42].

Since electro-active PMEL exhibits a reversible electro-
chemical behavior, this can be proportional to the initial con-
centration of MEL. Hence, the SWV method was engaged 
to determine the MEL concentration.

As CA is a specie with low electroactivity, it can be indi-
rectly determined using electrochemical methods through 
reaction with a suitable reagent. In this work, the current 
intensity of MEL was recorded before and after the addition 
of CA in the solution using the SWV method (Fig. 3). The 
CA determination can be made based on the formation of 
the MEL-CA complex because of the complex formation 
of CA with MEL at 1:1 mol ratio through OCA… H-NMEL, 
O-HCA…NMEL, and OCA…H-NMEL hydrogen bonds [43–45].

3.3 � Optimization of experimental conditions

To achieve the best analytical performance, important 
parameters, including MEL concentration, reaction time, 
and reaction temperature were optimized, as seen in Fig. 4. 
Remarkably, in all experiments, SWV was performed in the 
range of + 0.40 V to + 0.9 V, pulse amplitude of 50 mV, fre-
quency of 140 Hz, and in the supporting electrolyte contain-
ing 0.1 mol L−1 of NaNO3 and 0.03 mol L−1 of H2SO4. Also, 
ΔIMEL was considered as the sensor response.

3.4 � Optimization of MEL concentration

Since, in this work, the indirect determination of CA 
was based on its complexation with MEL, the optimum 

concentration of MEL needed to be determined. Clearly, 
IMEL increased up to 60 μmol L−1 MEL, which leads to ena-
bling the maximum response (ΔIMEL) in the indirect deter-
mination of CA. Hence, 60 µmol L−1 was chosen as the opti-
mum concentration of MEL as the probe. This is consistent 
with our previous work that the corresponding calibration 
curve of GCE/OX-PPAP toward Mel shows good linearity 
in the concentration range of 2.0–60 μmol L−1 of MEL [30].

3.5 � Optimization of reaction temperature

The reaction temperature is a critical factor in the proposed 
strategy for the CA determination because it influences the 
stability of the CA-MEL complex. The temperature effect on 
the method response was studied over the range of 10–50 °C. 
As can be seen in Fig. 4B, ΔIMEL increases up to 25 °C, 
and then decreases at higher temperatures. This result arises 
from the fact that lengths, strengths, and the number of 
hydrogen bonds are strongly affected by temperature. Since 
these interactions are so weak, their number and strange 
decrease with increasing temperature [46, 47]. Hence, the 
optimal temperature was selected 25 °C.

3.6 � Optimization of reaction time

The effect of reaction time on the sensor response was inves-
tigated in the range of 0–10 min. Figure 4C shows the results 
of the time investigation in which ΔIMEL was increased with 
increasing the reaction time up to 5 min, followed by its 
decrease with further increasing time. This trend can be 
attributed to enhancing the growth rate of the CA-MEL 
complex with increasing time [48]. As hydrogen bonding 
is possibly weak, it can break easily at a higher time. Con-
sidering the results depicted in Fig. 4C, the reaction time of 

Fig. 3   Square wave voltammograms of 60  µmol  L−1 MEL with the 
addition of 2000  µmol  L−1 CA recorded with OX-PPAP/GCE elec-
trode
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5 min was selected as the optimum reaction time between 
MEL and CA.

3.7 � Analytical performance

The CA determination was performed using a calibration 
curve with the corresponding analytical performance param-
eters. Under optimum conditions, the current declines of 
MEL exhibited a linear dependence over the CA concentra-
tion range of 100–2500 µmol L−1 (Fig. 5). SWV voltam-
mograms related to CA determination were presented in the 
inset of Fig. 5. Limit of detection (LOD = 3σb m−1, where 
σb and m symbolized the standard deviation of blank and 
the calibration curve slope, respectively) was found to be 
80.28 µmol L−1. Although the obtained LOD is relatively 
high, it is satisfactory for the determination of MEL in real 

Fig. 4   Effect of A the concentration of MEL (condition: CA: 
1000  µmol  L−1, temperature: 25  °C, time: 5  min), B reaction tem-
perature (condition: MEL: 60  µmol  L−1, CA: 1000  µmol  L−1, time: 

5  min), and C reaction time (condition: MEL: 60  µmol  L−1, CA: 
1000 µmol L−1, temperature: 25 °C)

Fig. 5   The CA calibration curve under the optimum condition. Inset 
shows the voltammograms related to different concentrations of CA
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milk samples. According to several studies, analytical meth-
ods with relatively high LOD values could employ in the 
quantification of different analytes in real samples [49–53]. 
Besides, it should be emphasized that only a few papers 
[19–21], exist on the direct electrochemical determination 
of CA. Moreover, to the best of our knowledge, no effort 
has been devoted to developing an indirect electrochemical 
method for CA determination. However, our results sug-
gested that further studies presenting lower LOD values, 
and higher sensitivities are needed to develop electrochemi-
cal methods for the determination of CA. To evaluate the 
reproducibility of the proposed method, the relative standard 
deviation (RSD) of ΔIMEL from 10 repeated experiments 
was calculated, which was 4.7%. Fig. S1 depicts square 
wave voltammograms of CA related to the reproducibility 
experiment. Noticeably, the modified GCE exhibited excel-
lent long-term stability, and the initial response was kept at 
about 82% after three weeks of storage (Fig. S2A). Fig. S2B 
shows the voltammograms related to stability.

3.8 � Effect of common ions in breath milk 
on the electrochemical determination of CA

The potential interference of vitamin D, vitamin E, thia-
min, sucrose, glucose, lactose, maltose, fructose, calcium 
carbonate, and magnesium nitrate (common compounds in 
the real sample of interest) was investigated in the indirect 

determination of CA. The method response was monitor-
ing. Table 1 presents the obtained results. To explain the 
interference results, the tolerance limit of ± 5%, which is 
established as interference concentration producing a rela-
tive error less than ± 5% error in the analyte response, was 
considered. These compounds did not show any interference 
in the determination of CA (1000 µmol L−1) at 1000-fold 
concentrations. The interference results confirmed the pro-
posed mechanism of indirect determination of CA, in which 
CA could form the complex with MEL.

3.9 � Computational analysis

As the formation of hydrogen-bond interaction between CA 
and MEL was considered the basis of the proposed strategy 
for CA determination, the computational analysis was con-
ducted to give a deep insight into the interaction between 
them. Figure 6 displays the optimized geometries of CA, 
MEL, and the CA-MEL complex. As can be seen in Fig. 3, 
there are three hydrogen bonds between CA and MEL mol-
ecules, including a hydrogen-bond between oxygen atoms of 
carboxylic groups in CA…hydrogen atoms of MEL (OCA…
HMEL), and hydrogen of amine group in CA…nitrogen of 
MEL (N-HCA…NMEL).

The values of zero-point corrected binding energies were 
obtained − 317,538, − 280,129, and − 597,710 kcal mol−1 

Table 1   Interference effects 
of possible interfering species 
for the determination of 
1000 μmol L−1 CA

Interference Tolerance level

Vitamin D, Vitamin E, Thiamin, Sucrose, Glucose, Lactose, Maltose, Fructose, Calcium 
carbonate, and Magnesium nitrate

1000

Sodium phosphate, Sodium nitrate, Sodium acetate 500

Fig. 6   A Optimized geometry of the CA-MEL complex, B The bond paths (pink lines), BCPs (red points), and RCPs (yellow points) for the 
interactions between CA and MEL in the complex. Colors assigned to each element: red: oxygen, blue: nitrogen, black: carbon, gray: hydrogen. 
(Color figure online)
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for CA, MEL, and their complex, respectively. These results 
indicate that the CA-MEL complex is more stable than CA 
and MEL with an energy difference of − 43.8704 kcal mol−1. 
This stability can be attributed to the hydrogen-bond interac-
tion between CA and MEL.

To give more information about the formation mechanism 
of the CA-MEL complex, the QTAIM analysis was con-
ducted. In QTAIM, the bond path and the local topological 
properties at the bond critical point (BCP), and ring critical 
points (RCP), including Laplacian of the electron density 
(∇2ρb), charge density (ρb), and local potential electron den-
sity (VC), local kinetic electron energy density (GC), and the 
total electron energy density (Hb) are important parameters 
which are mainly used to describe the strength of a bond 
[54]. Table 2 summarizes the calculated parameters for the 
CA-MEL complex. Figure 6 displays the interaction between 
the optimized geometries of CA and MEL, the bond paths 
(pink lines), BCPs (red points), and RCP (yellow points) for 
the CA-MEL complex.

The QTAIM results reveal the presence of three princi-
pal interactions with different bond paths, including O24… 
H8-N7, O20-H27…N2, and O23…H12-N10 between CA and 
MEL. It is interesting to point out that two RCP that appear 
in the topological analysis, are related to the ring formation 
between MEL and CA. These rings lead to more stability of 
the CA-MEL complex.

The GC/VC ratio is an indicator for investigating the nature 
of chemical bonds. A ratio higher than 1 indicates the non-
covalent nature of the bond, while a ratio lower than 0.5 rep-
resents the covalent nature of the chemical bond. In general, 
larger values of ρb and ∇2ρb demonstrate stronger interac-
tions [55]. Thanks to its higher ρb and ∇2ρb values, the-N2…
H27-O20 bond is stronger than N7-H8…O24 and N10-H12…
O23 bonds, which is in line with the results obtained from 
GC/VC ratio. The results presented in Table 2 suggest that 
hydrogen bonding interactions between CA and MEL are 
partially covalent interactions.

3.10 � Real sample

To further study the practical applicability of the developed 
method, it was tested with breast milk samples as real sam-
ples. Table 3 presents the found and recovery values calcu-
lated for specific concentrations of the real spiked samples. 
The recoveries ranging from 91.2% to 101.0% for the analy-
sis of CA were obtained using the developed indirect method 
(Table 3), confirming the reliability and efficiency of the 
proposed method as a novel and powerful electrochemical 
method.

In the validation study, CA was determined in breast 
milk samples using HPLC–UV/Vis method as the reference 
method (Table 3). Comparing the results obtained from the 
developed method with those achieved by HPLC–UV/Vis 
revealed a good agreement between the results of both meth-
ods. This confirms the applicability of the developed elec-
trochemical sensor for CA determination in real samples.

4 � Conclusion

CA is an important compound due to its potential impact 
on the environment and human health. As CA shows low 
electroactivity, the development of effective electrochemical 
methods for its determination has attracted much interest. 
Thus, we developed a simple and reliable indirect electro-
chemical method for the CA determination using OX-PPAP/
GCE as the modified electrode and MEL as the probe. The 
CA-MEL complexation was used as the basic principle for 

Table 2   The calculated topological properties of CA-MEL bonding at 
B3LY/6–31 + G(d,p)

ρb charge density (in a.u.), ∇2ρb laplacian of the electron density 
(in a.u.), GC local kinetic electron energy density (in a.u.), VC local 
potential electron density (in a.u.). VC = 1/4∇2

ρb – 2 GC

Parameter Bond

O24…H8-N7 O20-H27…N2 O23…H12-N10

ρb 0.0243 0.0446 0.0244
∇2

ρb 0.0708 0.0910 0.0712
GC 0.0180 0.0258 0.0181
VC − 0.0183 − 0.0288 − 0.0184
− GC/VC 0.9840 0.8956 0.9844

Table 3   Determination of CA 
in breast milk samples by the 
electrochemical sensor and 
HPLC–UV/Vis

Sample Amount added 
(µmol L−1)

Electrochemical sensor HPLC–UV/Vis
Amount found (µmol L−1) Amount found (µmol L−1)

1 – ND ND
300 300.3 279.3
800 742.4 816.6

2 – ND ND
300 303.0 293.9
800 729.6 796.0
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the indirect determination of CA, which has low electro-
activity, using the SWV method. The proposed method 
measured the current of uncomplexed MEL, and the cur-
rent difference of MEL in the absence and presence of CA 
attributed to CA concentration added to the medium. The 
CA determination was successfully performed by record-
ing current declines of MEL as a linear function of increas-
ing CA concentrations. The proposed method was able to 
quantify CA in the real samples with acceptable recoveries. 
The commonly studied compounds did not interfere with 
the CA determination. Briefly, the proposed indirect elec-
trochemical method is simple, low-cost, and applicable to 
CA determination.
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