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Abstract

In this work, we designed a novel and simple electrochemical approach for the determina-
tion of daidzein antioxidant (Dz) in peanut oil samples. The Dz determination was based
on anodic stripping linear voltammetry using screen-printed graphene electrodes (SPGEs)
activated in acidic media, where a strong adsorption of Dz on activated graphene was
obtained. In this regard, electroanalytical parameters such as the scan rate, supporting
electrolyte, pH, and accumulation step were optimized to ensure the best conditions for the
selective and sensitive Dz quantification. The electrochemical method developed for the de-
termination of Dz exhibits a linear behavior of the anodic peak current in the concentration
range from 0.05 to 1 µM, with a limit of detection of 0.012 µM. The electrochemical sensor
demonstrated to the capacity to quantify Dz in peanut oil samples at low concentrations
without the necessity of an extensive sample pretreatment. Therefore, the electrochemical
method proposed can be used as a new portable analytical tool for the in situ quality control
of peanut oil samples.

Keywords: screen-printed graphene electrode; daidzein; peanut oil samples; decentralized
analysis

1. Introduction
Daidzein (4′,7-dihydroxyisoflavone, Dz) is a natural isoflavone that can be found

mainly in leguminous plants, and it is very important due to the they therapeutic properties
of several diseases such as oxidative stress, cancer, and obesity, among others [1–3]. Also,
Dz exhibits a range of pharmacologic activities such as antioxidant, anti-diabetic, anti-
inflammatory, nephroprotective, neuroprotective, and antihyperlipidemic effects [4]. Dz
is predominantly found in a range of plant sources such as red clover (Trifolium pratense),
soybean (Glycine max), alfalfa (Medicago sativa), and other members of the legume family
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(Leguminosae) [4]. Dz is composed of two hydroxyl groups, in which the first hydroxyl
group is present at the seventh position of the benzopyran ring, while the second hydroxyl
group is located at the fourth position of the attached phenyl ring. Its chemical structure is
shown in Figure S1 (in the Supplementary Material). Considering the importance of Dz
and its multiple health benefits, it is very important to develop sensitive analytical methods
that allow the quantification of Dz in real samples.

The determination of Dz in real samples has mostly been carried out by gas chromatog-
raphy (GC) with mass spectrometry detection (GC-MS) or tandem mass spectrometry (GC-
MS/MS) [5–7], high-performance liquid chromatography (HPLC), or ultra-performance
liquid chromatography (UPLC) with diode array detection. Also, Dz has been detected by
spectrophotometric photodiode array/fluorescence (FLR) detection systems and mass spec-
trometry detection, among others [8–11]. These methods have some disadvantages, such
as multistage sample preparation, time-consuming analysis, expert operators, expensive
instrumentation, a high carbon footprint, etc. [12].

On the other hand, electrochemical methods are a very good alternative for the devel-
opment of analytical methods for the determination of Dz, because they offer a high degree
of accuracy, precision, sensitivity, and selectivity; the possibility of working with small
equipment in field operations; low cos; and ease of sample preparation. On the other hand,
electrochemical sensors are a potential alternative to conventional methods of food safety
and control analysis. Some advanced sensors offer alternative methods to achieve the trace
analysis of food safety hazards and control analysis in the complex food matrix [13,14]. In
addition, electrochemical methods are naturally suited to conform to most of the principles
involved in green chemistry [15–17]. However, at present, there are only a few reports
regarding Dz determination by electrochemical sensors. Fernandes et al. [18] studied
the electrochemical behavior of Dz using a glassy carbon electrode (GCE) and different
pH values by using cyclic voltammetry (CV), differential pulse voltammetry (DPV), and
square wave voltammetry (SWV). The limit of detection (LOD) obtained through SWV
was 0.08 µM. Also, the electrochemical determination of Dz in pharmaceutical tablets was
carried out with GCE modified with a multiwall carbon nanotube (MWCNT/GCE) by
linear sweep voltammetry (LSV) [19]. The proposed method achieved an LOD of 0.72 µM.
Carbon paste electrodes (CPEs) modified with ZrOCl2 into graphite powder were used for
the determination of Dz in pueraria, pharmaceutical preparations, and human uric samples.
LSV was used as an electrochemical technique, where an LOD of 0.01 µM was obtained [20].
Dz content was determined in daidzein tablets and pueraria samples by an electrochemical
sensor based on MWCNT vertically arrayed on a GCE surface by Langmuir–Blodgett tech-
nology. LSV was selected the electrochemical technique, achieving an LOD of 0.08 µM [21].
Fu et al. [22] developed an electrochemical sensor based on GCE modified with SnO2, a
poly (diallyldimethylammonium chloride) solution (PDDA), and reduced graphene oxide
(GR) (SnO2-PDDA-GR/GCE). The electrochemical determination of Dz was carried out by
LSV, and the LOD was 6.70 × 10−3 µM. The sensor was applied for the determination of Dz
in traditional Chinese medicine (pueraria lobata) and Daidzein tablets. An electrochemical
sensor for Dz determination based on a molecular imprinted polymer (MIP) prepared by
the electropolymerization of o-phenylenediamine (o-PD) on the surface of poly (sodium 4-
styrenesulfonate)-reduced graphene oxide (PSS-rGO)-modified GCE (PSS-rGO/GCE) was
successfully applied in human serum and pueraria. The electrochemical determination of
Dz was carried out by DPV and the LOD was 5.0 × 10−4 µM. To the best of our knowledge,
this is the work that reports the lowest LOD [23]. Moreover, a GCE was modified with
nanocomposites containing conductive polyaniline nanotubes (PANInts) and carbon nano-
onions (CNOs). The electrochemical response of Dz was examined in two buffers by LSV,
and the LOD achieved was 0.77 µM [24]. ZnO nanorods (ZnONRs) growing on carbon fiber
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paper (CFP) and functionalized with silver nanoparticles (AgNPs) (AgNP/ZnONR@CFP)
were used for Dz determination in real extracts from Japanese honeysuckle, soybean, and
Chrysanthemum morifolium by DPV, and the LOD achieved was 0.066 µM [25]. Finally, a
composite electrode based on ZnO nanorods, carbon fiber paper, CuO nanowires, and Ag
nanoparticles (AgNP-CuONW/ZnONR@CFP) was used for the simultaneous determina-
tion of Dz and puerarin by DPV. The sensor exhibited an LOD of 4 nM for Dz and was used
to detect puerarin and Dz in traditional Chinese medicine samples [26]. A common factor
of this approach is the use of electrodes based on carbonaceous materials due to the lower
oxidation potential necessary for the oxidation of Dz. However, the sensor described in the
previous paragraph requires electrodes modified with complex nano- and micro-structures.
A simple alternative is the use of unmodified screen printed electrodes (SPEs). SPEs are
portable devices that integrate (in most cases) three conventional electrodes (work, refer-
ence, and counter electrodes) of the electrochemical cell in a planar configuration [27,28].
SPEs have been used in different research fields, and many of them have been summarized
in very interesting reviews [28–33]. SPEs have a large number of advantages, such as porta-
bility, fast response, low cost, simplicity (user friendly), high accuracy, low consumption of
reagents, and a reduced environmental impact, amount others.

In this work, we report the results of an electroanalytical method to determine Dz in
edible oil samples for the first time. The method is based on the use of pretreated screen-
printed graphene electrodes as electrochemical sensors. The screen-printed graphene
electrodes combined with linear sweep voltammetry were used. In addition, we determined
and quantitated the presence of Dz in edible peanut oil samples for the first time using
screen-printed graphene electrodes in a reliable and inexpensive way.

2. Materials and Methods
2.1. Reagents and Solutions

All reagents were of analytical grade and used as received. For more details, they are
described in Supplementary Materials (Section S1).

2.2. Apparatus and Software

Voltammetric and impedimetric measurements were performed with a PalmSens4
potentiostat (PalmSens, Amsterdam, The Netherlands) using the manufacturer’s electro-
chemical analysis software (PSTrace 5.11, Amsterdam, The Netherlands). When it was
necessary, an external electrode Ag/AgCl, 3 M KCl (BAS, RE-5B, West Lafayette, IN, USA)
and a homemade platinum wire were used as reference and counter electrodes, respectively.
The SPGE connection to the electrochemical workstation was lab-made. The SPEs were
manufactured in accordance with our previous reports [34–36].

Scanning Electron Microscopy (SEM) images were obtained with a Field Emission
Gun Scanning Electron Microscopy (FE-SEM, Zeiss, ΣIGMA model; Oberkochen, Baden-
Württemberg, Germany).

2.3. Procedure

Anodic stripping linear sweep voltammetry (ASLSV) was the electrochemical tech-
nique selected to carried out the Dz measurements. Prior to each experiment, the SPGE
surface was pretreated by cyclic voltammetry in the potential range from 0.3 V to 2.0 V at a
scan rate (v) of 0.100 V s−1 in a 0.5 M H2SO4 aqueous solution for 10 consecutive cycles
according to the protocol developed by González-Sánchez et al. [37]. The accumulation
of Dz on the SPGE surface was performed at open circuit potential (OPC) for 30 min. The
OCP value for the SPGE in PBS, pH 2, is close to 0.120 V.
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LS voltammograms were recorded in the potential range from 0.0 V to 1.2 V at a
scan rate of 1.0 V s−1. All the measurements were carried out at room temperature in
non-deaerated solutions, where 75 µL of solution was dropped on the SPGE surface.

2.4. Edible Oil and Peanut Paste Samples

Peanut oil samples were purchased at a local supermarket. They were stored at room
temperature and protected from the light. The solutions of Dz were prepared following the
procedure reported previously by us [38,39]. Briefly, 1.00 g of samples was dissolved in
5 mL of a solution formed by a binary mixture of petroleum ether + EtOH (3:1), and the
solution was sonicated for 5 min. Then, an aliquot of 200 µL of this solution was diluted
at a final volume of 2.00 mL with PBS, pH 2.00, and electrochemical measurements were
carried out.

3. Results and Discussion
3.1. Electrochemical Measurements of SPGEs
3.1.1. Electrochemical Behavior of Dz

In order to elucidate the electrochemical behavior of Dz on the SPGE, cyclic voltam-
mograms were performed. Figure 1a shows cyclic voltammograms (CVs) recorded using
SPGEs in blank solution (PBS, pH 2.00, dotted blue line), in 1.0 × 10−4 M of Dz after
an accumulation time (tacc) of 60 min at open circuit potential (OCP) (red line), and in
the blank solution after accumulating Dz for 60 min by applying OCP in a Dz solution
of 1.0 × 10−4 M (black line). Dz exhibits a main oxidation peak centered at 0.720 V (vs.
pseudo-reference of Ag/AgCl) in the Dz solution, while adsorbed Dz shows a peak cen-
tered at 0.780 V in the blank solution. The reason for the anodic peak potential difference
is based on the different experimental conditions of both cyclic voltammograms. When
the cyclic voltammogram was recorded in a solution of Dz (red line), the electro-oxidation
of Dz was governed by a mixed control, i.e., adsorptive and diffusional control, while the
blank line corresponds only to electro-oxidation of adsorbed Dz on the electrode surface,
where a narrow peak with lower current was observed. In both cases, when the potential
sweep was reversed, the corresponding reduction peak did not appear, which is consistent
with an electrochemical process involving kinetic complications coupled to the anodic
charge transfer. However, for adsorbed Dz, in the cathodic scan, a wide peak close to 0.2 V
is observed due to the reduction of a product formed in the direct scan.

Figure 1. (a) Cyclic voltammograms recorded in the blank solution formed for PBS, pH 2 (dotted
blue line), Dz solution after a tacc of 60 min at OCP recorded in the presence of DZ (red line), and
Dz in the blank solution after the accumulation for 60 min at OCP (black line). (b) Successive
cyclic voltammograms of 1 × 10−4 M Dz in PBS pH 2.0 on the SPGE in the presence of DZ (dotted
lines) and for Dz adsorbed during 60 min at OCP recorded in the blank solution (continuous lines).
CDz* = 1.00 × 10−4 M. v = 0.100 V s−1.
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Figure 1b shows the consecutive (three cycles) voltammograms recorded on the SPGEs
for a solution of Dz (dotted lines) under the same experimental conditions as shown in
Figure 1a and for the adsorbed Dz measured in the blank solution (continuous lines). In
both cases, after the first cycle, a decrease in the oxidation peak current is observed due
to the partial blocking of the electrode surface by the polymerization of the Dz oxidation
product [18,24].

3.1.2. Effect of the Supporting Electrolyte and pH on Electrochemical Behavior

As Dz has two hydroxyl groups, we also studied how the supporting electrolyte
and pH affect the electrochemical response of Dz. In this sense, cyclic voltammetry was
performed for 1.0 × 10−4 M Dz solutions prepared using different supporting electrolytes,
including 0.1 M H2SO4, 0.1 M HClO4, and phosphate buffer solutions in the pH range from
2 to 10. Figure S2a (Supplementary Material) shows the cyclic voltammograms recorded.
These results demonstrate that a higher peak current was observed in pH 2.0 compared to
other reaction media. In addition, the potential peak is shifted to higher values when the pH
decreased, and at a lower pH, the hydroxyl groups were protonated. Figure S2b shows the
relationship between the anodic peak potentials (Ep,a) and pH for the Dz electro-oxidation.
The value of the slope is −0.053 V and is very close to the theoretical value of −0.059 V,
expected when the same number of electrons and protons are involved in the electrode
process. These results are consistent with those reported in the literature and with the
electrochemical behavior of phenolic compounds [21,22].

3.1.3. Effect of the Scan Rate in Cyclic Voltammetry

Cyclic voltammetries for Dz 1.0 × 10−4 M on the SPGE for a scan rate between
0.005 and 0.250 V s−1 in PBS (pH 2.0) are shown in Figure S3a (Figure S3 in Supplementary
Material). The anodic peak current (Ia,p) for the Dz oxidation peak increases as the scan
rate increases. Figure S3b shows the Ia,p vs. v plot, where a proportional increase in Ia,p

with the increases in v is observed. These results suggest that the electron transfer process
is controlled mainly by adsorption [40]. As posited by Laviron [40] in their methodology
for irreversible couples, it is feasible to ascertain the kinetic parameters and compute the
electron transfer number under the assumption of an alpha equal to 0.5. The electron
transfer number (n) was derived from the slope of the linear portion of the plot of Ea,p

as a function of log v. Figure S3c presents the graph of Ea,p versus log v, from which
an approximate n of 2 is derived. This value is consistent with those obtained by other
authors [20–22].

3.2. Generation of Activated Screen-Printed Graphene Electrodes (aSPGEs)
3.2.1. Activation of SPGEs by Different Methods

Screen-printed electrodes can be activated by different pretreatments. Examples of
such pretreatments include electrochemical treatment [41], oxygen plasma treatment [42],
mechanical activation [43], and others. The objective of these pretreatments is to enhance
electro-transfer properties and improve sensitivity to compounds of interest. The mech-
anisms through which these enhancements occur may include increased hydrophilicity
of the surface, an increase in carbon-oxygen functional groups on the surface, and/or the
removal of surface contaminants [37,41–43]. In this work, the electrodes were pretreated
in three different ways: (1) pre-anodization in a saturated Na2CO3 solution at 1.2 V (vs.
Ag/AgCl pseudo-reference) for 5 min [44], (2) soaking in 0.5 M NaOH for 60 min [45],
and (3) cyclic voltammetry in 0.5 M H2SO4 (10 cycles, 0.100 V s−1) in the potential win-
dow of −0.3 V to 2.0 V (vs. Ag/AgCl pseudo-reference) [37]. Figure S4 (Figure S4 in the
Supplementary Material) shows the cyclic voltammograms of Dz 1.0 × 10−4 M on the
SPGE activated (aSPGE) with pretreatments (a) 1, (b) 2, and (c) 3. As shown in Figure S4,
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the pretreatment that resulted in the most significant enhancement of the Dz signal was
the electro-oxidation in the H2SO4 solution Consequently, this pretreatment was employed
in the present study. Figure S5 displays the average (eight replicas) of the response of Dz
on the SPGE and aSPGE. The activation pretreatment not only increases the value of the
anodic peak current but also improves signal reproducibility. The massive electro-oxidation
of graphene forms oxygenated groups in the defects of the graphene, which allows a strong
adsorption of Dz on activated surface.

3.2.2. Electrochemical Characterization of the Electrode Surface of aSPGE

It was expected that the activation of the surface of the electrode would be responsible
for the enhancement in the Dz electrochemical response. The electro-oxidation of graphene
in an acidic medium produces oxygenated species upon its surface. To determine the
presence of these oxygenated groups, an electrochemical characterization of the SPGE
and aSPGE was performed using ammonium iron (II) sulfate as the probe. This salt is
sensitive to carbonyl and hydroxyl groups on electrodes [35,43]. Therefore, when there is a
high density of oxygenated groups on an electrode, an increase in oxidation and reduction
currents as well as decreases in the difference between the anodic and cathodic potential
peaks (∆Ep) should be observed. Figure 2a shows the cyclic voltammetry obtained in
1.0 × 10−3 M ammonium iron (II) sulfate + 0.1 M HClO4 on the SPGE (red line) and the
aSPGE (black line). The SPGE exhibits a large ∆Ep (~0.623 V), whereas the aSPGE shows
a significant decrease in ∆Ep (~0.164 V). In addition, the anodic and cathodic currents
increased when the aSPGE was used. These results are evidence that electrochemical
oxidation in acidic media induces oxygenated species upon the electrode surface [46].

Figure 2. (a) Cyclic voltammograms recorded in 1.0× 10−3 M ammonium iron (II) sulfate + 0.1 M
HClO4 and (b) 1 × 10−3 M potassium hexacyanoferrate (II) + 0.1 M KCl using an SPGE (red line)
and aSPGE (black line). v: 0.05 V s−1. (c) Nyquist plots obtained for the redox probe potassium
hexacyanoferrate (II)/potassium hexacyanoferrate (III) on the SPGE (red dots) and aSPGE (black
dots). The red and black lines correspond to the fitting of the experimental data using the Randles
equivalent circuit (inset). (d) SEM images of I, II SPGE and I′, II′′ aSPGE at different magnifications.
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Also, the change in the electroactive area of the aSPGE respect to the SPGE was
analyzed. The electroactive area was determined using 1 × 10−3 M potassium hexacyano-
ferrate (II) + 0.1 M KCl as the redox probe [47]. Figure 2b shows the cyclic voltammetry
of the SPGE (red line) and the aSPGE (black line) that was obtained. Using the Randles–
Ševcik equation, the electroactive areas were determined at different scan rates in the range
between 0.005 and 0.250 V s−1 [47]. The electroactive areas calculated were (0.041 ± 0.001)
cm2 and (0.063 ± 0.001) cm2 for the SPGE and aSPGE, respectively, considering a diffusion
coefficient of potassium hexacyanoferrate (II) of 0.75 × 105 cm2 s−1 [40].

Figure 2c shows that electrochemical impedance spectroscopy (EIS) was used to mon-
itor the electrode–solution interface changes of the pretreated electrodes. Nyquist plots
were obtained for the redox probe potassium hexacyanoferrate (II)/potassium hexacyano-
ferrate (III). To obtain the charge transfer (Rct) values, impedance spectra were fitted using
a Randles equivalent circuit [40]. In the Nyquist plots, the semicircles observed at high
frequencies indicate the Rct in the electrode–solution interface. It is evident that the activa-
tion pretreatment of SPGEs led to an increase in Rct due to the oxidation of the graphene
surface. The electrochemical activation in the acidic medium used produces a substantial
enhancement in the Rct value from 482.2 Ω to 163.9 Ω (with an error value close to 3%)
when the aSPGR is compared with respect to SPGE. The enhanced Rct of the aSPGE can be
attributed to the reduced conductivity properties of the graphene ink. In conclusion, the
activation of the SPGE was shown to cause a slight increase in the electroactive area, with a
higher density of carbonyl groups on the electrode surface, which led to an increase in the
charge transfer resistance due to the discontinuity of the conjugation of molecular orbitals
of graphene by the formation of oxygenated groups.

The surface topology of the SPGE and aSPGE was analyzed using SEM (Figure 2d).
The presence of more micropores on the electrodes that were activated was identified. This
observation has been replicated by other researchers, who have also noted an increase in
porosity following electrochemical activation [37,41].

3.3. Selection of Electrochemical Technique

We used three different stripping voltammetry electrochemical techniques to detect Dz:
linear sweep (LSSV), differential pulse (DPSV), and square wave (SWSV). The adsorption
conditions in all cases were Eacc = OCP, tacc = 60 min on the aSPGE and 1 × 10−4 M of
Dz in PBS, pH 2.00. The scan rate used in all cases was 0.050 V s−1 in a potential range
from 0.0 to 1.2 V. The experimental parameters of the pulse technique were as follows:
for DPSV, step potential = 10 mV, pulse width = 50 ms, pulse period = 200 ms, and pulse
amplitude = 50 mV; for SWSV, step potential = 2 mV, square wave amplitude = 40 mV,
and frequency = 25 Hz. Figure S6 (Supplementary Material) displays the voltammograms
obtained for each technique. Linear voltammetry is an electrochemical technique that is
not able to discriminate capacitive currents. However, as demonstrated in Figure S6, it has
been demonstrated that this technique does show a higher current for the Dz discharge,
with a better definition of the peak. Therefore, the electrochemical technique chosen to
determine Dz was linear sweep voltammetry.

3.4. Optimization of the Linear Sweep Stripping Voltammetry Parameters

As described in Section 3.1.3, the Dz oxidation is an electron transfer process con-
trolled mainly by adsorption. So, the attention was then turned on the effect of Dz pre-
concentration conditions on electrodes, such as accumulation potential (Eacc) and tacc. In
this regard, the effect of Eacc was studied on the response of 1 × 10−4 M of Dz in PBS,
pH 2.00, on the aSPGE by applying a tacc of 60 min. The Eacc studied was open circuit
potentials (OCPs) of −0.12, 0, 0.12, 0.27, and 0.42 V. Figure S7a (Supplementary Material)
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shows the Ia,p vs. Eacc plot. As can be seen in Figure S7a, the Eacc has an effect on the Dz
electro-oxidation signal related to the higher Dz concentration adsorbed on the electrode,
and the optimal value in terms of a bigger Ip,a was Eacc = OCP, which was close to 0.120 V.
So, this Eacc value was used to quantify Dz.

On the other hand, the effect of tacc was studied at the Eacc previously selected on the
response of 1 × 10−6 M of Dz in PBS, pH 2.00, on the aSPGE for accumulation times of 5,
10, 15, 20, 30, 45, and 60 min in an ultrasound bath. Figure S7b shows the Ia,p vs. tacc plot.
As expected, an increase in the tacc resulted in an increase in the Ia,p, reaching a maximum
at 30 min. Consequently, 30 min was identified as the optimal accumulation time.

Finally, the effect of the scan rate on the response for 1 × 10−6 M of Dz in PBS, pH
2.00, on the aSPGE (Eacc = OCP, tacc = 30 min) was studied in a range from 0.1 to 1.0 V s−1.
Figure S7c (Supplementary Material) shows the linear sweep voltammograms obtained at
different values of v. As expected, an increase in v resulted in an increase in the current.
Consequently, v = 1.0 V s−1 was identified as the optimal v.

3.5. Analytical Parameters

Figure 3a,b shows linear sweep stripping voltammograms and the corresponding
correlation plot for increasing concentrations of Dz obtained on the aSPGE under the
optimal conditions determined previously. As it is shown, the resulting calibration plot is
non-linear over the 0.05–100 µM range for Dz due to a saturation of Dz on the electrode.
Figure 3c displays a linear range from 0.05 to 1 µM, with a slope of 11.80 ± 1.01 µA/µM.
The calibration equation and the correlation coefficient for the linear fitting were
Ia,p = (3.29 ± 1.39) × 10−7 + (11.80 ± 1.01) × 12CDz* and r = 0.9891, respectively. The
detection and quantification limits were 0.012 µM and 0.06 µM, estimated as 3 and 10 times
the Sy/x/slope, respectively [48]. The repeatability of Dz determination using the aSPGE
was calculated as the percentage of the relative standard deviation (RSD) of six independent
measurements performed for 0.05, 0.5, and 1 µM Dz solutions, where the values calculated
were 2.41, 3.41, and 2.23 for the three concentrations, respectively. The reproducibility of
aSPGE was evaluated by running six calibration curves obtained from six aSPGE runs
conducted on different days. The repeatability of the process was not a primary concern in
this instance given the utilization of a single instance of the aSPGE due to its disposable
nature. The percent relative standard deviation was 7.4% for the reproducibility. The results
demonstrate that the aSPGE shows a good performance for Dz determination.

3.6. Application of the Electrochemical Method to the Analysis of Edible Peanut Oil Samples

The proposed electrochemical method was then applied to the determination of Dz in
edible peanut oil samples as a quality control parameter. The presence of Dz was found
to be negligible in all commercial samples that were analyzed. Consequently, untreated
edible peanut oil samples were spiked with varying quantities of Dz (see Section 2.4)
and analyzed in triplicate. The results obtained are presented in Table 1. The recovery
percentages exhibited a range from 97% to 104%.

Table 1. Recovery assays of Dz in spiked Argentinian edible peanut oil samples.

Sample Added/µM Recovery/µM Recovery/% Relative Error/%

Edible Peanut Oil

M1 1.000 1.04 ± 0.02 104 +4
M1 0.500 0.49 ± 0.02 97.2 −2.8
M1 0.050 0.050 ± 0.001 102 +2
M2 1.000 0.98 ± 0.02 98.2 −1.8
M2 0.500 0.49 ± 0.02 98.6 −1.4
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Table 1. Cont.

Sample Added/µM Recovery/µM Recovery/% Relative Error/%

Edible Peanut Oil

M2 0.050 0.050 ± 0.001 104 +4

Figure 3. (a) Linear sweep voltammograms recorded in PBS, pH 2.00, containing different Dz
concentrations. (b) Relation between anodic peak current and Dz concentration in a wide range of
concentrations. (c) The corresponding calibration plot obtained from LS voltammograms of (a). The
accumulation conditions were tacc = 30 min, Eacc = OCP. v = 1 V s−1.

3.7. Comparison with Other Electrochemical Methods

Table 2 displays the comparison between the electrochemical method proposed for us
and other methods found in the literature. As can be seen, it has recently been reported
that a number of electrochemical methods have been utilized for the determination of Dz
in matrices of different nature, employing modified electrodes based on different materials.
Our sensor did not demonstrate an enhancement of figures of merits in comparison to
other electrochemical methods (see Table 2); however, several advantages can be evidently
identified. These advantages include a reduced reagent consumption (75 µL per sample),
the absence of an electrode cleaning stage, the feasibility of decentralized analysis, and the
utilization of a simple, disposable unmodified electrode for Dz determination.

Table 2. Comparison between this proposed electrochemical method and other methods found in
the literature.

Sensor Sample Linear
Range/µM

Electrochemical
Technique LOD/µM Reference

GCE No sample reported 0.1–1 SWV 0.08 [18]
MWCNT/GCE Daidzein tablets 6–100 LSV 0.72 [19]
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Table 2. Cont.

Sensor Sample Linear
Range/µM

Electrochemical
Technique LOD/µM Reference

ZrOCl2/CPE
Pueraria, pharmaceutical
preparations, and human

uric sample
0.03–2 LSV 0.01 [20]

MWCNTs-PANI
LB/GCE

Daidzein tablets and
pueraria lobata 0.1–9 LSV 0.08 [21]

SnO2-PDDA-
GR/GCE

Traditional Chinese
medicine and

Daidzein tablets
0.02–1 LSV 0.0067 [22]

MIP/PSS-
rGO/GCE

Human serum
and pueraria 0.001–0.020 DPV 0.0005 [23]

PANInt/CNOs/GCE No sample reported 1–10 LSV 0.77 [24]

AgNP/ZnONR@CFP

Japanese honeysuckle,
soybean, and

Chrysanthemum
morifolium

0.01–1 DPV 0.066 [25]

AgNP-CuONW/
ZnONR/CFP

Traditional Chinese
medicine sample 0.05–15 DPV 0.0178 [26]

aSPGE Edible peanut oil 0.05–1 LSSV 0.012 This work

3.8. Greenness Assessment of the Proposed Method

Another advantage of the electrochemical sensor developed to determine Dz in peanut
oil samples is the environmental sustainability. Therefore, the electrochemical determina-
tion used to determine Dz based on the electrochemical sensor was evaluated through the
greenness metric approach [49]. Also, the blue applicability grade index (BAGI) tool was
used, which evaluates the practicality of an analytical method from the consideration of
main attributes such as the type of analysis, the number of analytes that are simultaneously
determined, the analytical technique and required analytical instrumentation, the number
of samples that can be simultaneously treated, the sample preparation, the number of
samples that can be analyzed per hour, the type of reagents and materials used in the
analytical method, the requirement for preconcentration, the automation degree, and the
amount of sample. When the total BAGI score is higher than 60, the analytical method can
be considered “practical” [50].

Figure 4 shows pictograms depicting the overall scores and the performance of the
individual criterion according to a color scale obtained for the proposed method for
both metrics.

Figure 4. (a) Green assessment of the proposed method using the AGREE metric and (b) BAGI index
pictogram for the proposed method.
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As is illustrated, the great majority of the individual scores satisfied the “greenness”
criterion, with an overall score of 0.77. The lowest possible score was obtained in the
absence of bio-generated reagents (score of 10). However, a simple pretreatment step
(dilution of the peanut products) and a reduced volume of electrochemical cells (0.075 mL)
have been shown to enhance the performance of the method. The BAGI score of 77.5 that
was assigned to our method demonstrates its good applicability.

4. Conclusions
In this study, we examined the potential of screen-printed graphene electrodes as a

portable electrochemical sensing tool for the determination of daidzein. This investigation
involved the utilization of both commercial reagents and peanut oil samples, offering a com-
prehensive approach to the analysis. Various electrochemical activation pretreatments of
graphene screen-printed electrodes were tested to enhance the analytical signal of daidzein
oxidation. Linear sweep voltammetry was utilized as the electrochemical technique of
choice. This technique has been demonstrated to offer a number of distinct advantages,
including the ease of application and interpretation of results.

Following a rigorous examination of the available evidence, it is concluded that
the electrochemical method is both accurate and precise. Therefore, we believe that the
proposed method is a reliable alternative for the quantification of daidzein in peanut
products with the aim of performing quality control assays.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/chemosensors13080304/s1, Figure S1: Chemical structure of
daidzein; Figure S2: (a) Cyclic voltammograms in different reaction media for Dz on SPGEs;
CDz* = 1.0 × 10−4 M and v = 0.100 V s−1. (b) A plot of the anodic peak potential (Ea,p) vs. pH.
CDz* = 1.00 × 10−4 M; v = 0.100 V s−1. The linear regression equation was Ep,a (V) = (0.93 ± 0.01) −
(0.053 ± 0.001) pH (r = 0.997). All experiments were recorded at room temperature without a previous
accumulation stage; Figure S3: (a) Cyclic voltammograms at different v (from 0.005 to 0.250 V s−1)
for 1.0 × 10−4 M Dz in PBS, pH 2.0, at SPGE after a tacc = 60 min at OCP; (b) plot of Ia,p vs. v,
(Ia,p = (8.39 ± 0.26) × 10−6 A s V−1 + (7.64 ± 2.97) × 10−8), r = 0.998. (c) plot of Ea,p as a function
of log v, (Ea,p = (0.847 ± 0.003) + (0.0583 ± 0.001), r = 0.996); Figure S4: Cyclic voltammograms for
1.0 × 10−4 M Dz in PBS, pH 2.0, at SPGE after pretreatment with (a) saturated Na2CO3, (b) 0.5 M
NaOH, and (c) 0.5 M H2SO4 (dotted red line is the response in the blank solution). In all cases
black dotted lines represent the response for Dz without any pretreatment of the electrode surface;
Figure S5: Average response of the anodic peak current 1.0 × 10−4 M Dz in PBS, pH 2.0 at SPGE and
aSPGE. v = 0.100 V s−1, tacc = 60 min OCP; Figure S6: Linear (black line), differential pulse (red line)
and square wave (blue line) voltammograms for Dz at aSPGE and they corresponding blank signals
(dotted lines). CDz* = 1.00 × 10−4 M; v = 0.050 V s−1; Figure S7: (a) Effect of accumulation potential
on the response for 1 × 10−4 M of Dz in PBS, pH 2.00, at aSPGE during an accumulation time of
60 min. (b) Effect of accumulation time obtained at the Eacc = OCP, on the response of 1 × 10−6 M of
Dz in PBS, pH 2.00, at aSPGE. (c) Effect of the scan rate on the response for 1 × 10−6 M of Dz in PBS,
pH 2.00, at aSPGE (Eacc =OCP, tacc = 30 min).
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