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Abstract: A novel, simple, rapid, and non-expensive analytical method based on square wave
voltammogram at Pt-microelectrode coupled with partial least square multivariate calibration was
used for the simultaneous quantitation of thymol (THY) and carvacrol (CAR) in thyme and oregano
essential oils. Results demonstrated that the multivariate calibration method successfully exploited
the first-order advantage, rendering highly satisfactory quantitative figures (average recoveries not
statistically different than 100%). Moreover, the results agree well with those obtained from the official
analytical method. Last, the method’s environmental sustainability was asserted using the AGREE
metric, highlighting its eco-friendly nature. More importantly, the proposed analytical procedure does
not require previous sample preparation or electrode surface modification. The results underscore
the suitability of the method for determining THY and CAR in essential oils at low concentrations
(LOD ~ 7.6 uM) with REP% below 5.6%, meeting the requirements of the green analytical chemistry.

Keywords: thymol; carvacrol; Pt-microelectrode; essential oils; partial least squares

1. Introduction

Thymol (2-iso-propyl-5-methylphenol (THY)) and carvacrol (2-methyl-5-iso-propyl-
phenol (CAR)) are phenolic monoterpenes and position isomers (Figure 1) that have several
biological effects. THY have demonstrated high efficacy in controlling pigeon coccidio-
sis [1], produced growth inhibition of bacteria such as Staphylococcus aureus, Pseudomonas
aeruginosa, and Escherichia coli [2], and caused the inactivation of Alicyclobacillus aci-
doterrestris in fruit juice [3], among many others [4,5]. CAR also shows biological effects
such as the strong inhibition effect on the activity of xanthine oxidase [6], neuroprotective
effects in cerebral ischemia [7], hepatoprotective role against ethanol-induced liver tox-
icity [8], and several others. They have also been used as natural antioxidants for food
preservation [9]. These compounds are two principal constituents of thyme and oregano
essential oil (TEO and OEO, respectively) [10-13], providing them with particular bio-
logical properties [14,15], such as antifungal, antiviral, antitumor, and anti-inflammatory
activities [16-18].

Chemosensors 2024, 12, 197. https:/ /doi.org/10.3390 /chemosensors12090197

https://www.mdpi.com/journal /chemosensors


https://doi.org/10.3390/chemosensors12090197
https://doi.org/10.3390/chemosensors12090197
https://doi.org/10.3390/chemosensors12090197
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://orcid.org/0000-0002-1865-1632
https://orcid.org/0000-0002-8268-5490
https://orcid.org/0000-0002-1827-1605
https://doi.org/10.3390/chemosensors12090197
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors12090197?type=check_update&version=1

Chemosensors 2024, 12, 197

2 of 15

(a) CHs (b)  CHg
OH

OH

HyC™ CHs CH3~ "CHj

Figure 1. Chemical structures of thymol (a) and carvacrol (b).

Nowadays, several methods have been developed aiming for the simultaneous de-
termination of THY and CAR, which are mainly based on liquid chromatography (LC)
techniques with UV or fluorescence detection [19-22], gas chromatography—mass spectrom-
etry (GC-MS) [23-27] and tandem mass spectrometry (GC-MS/MS) [28], GC coupled with
flame ionization detector (GC-FID) [29], and ultraperformance convergence chromatogra-
phy (UPC) [30]. Although these methods exhibit high accuracy and sensitivity, they are
usually time-consuming, involve significant solvent consumption, generate large amounts
of waste, and require intricate sample preparation [31]. In this regard, electrochemical meth-
ods emerge as a straightforward and inexpensive alternative, offering notable analytical
advantages such as high accuracy, precision, sensitivity, and the possibility of miniaturiza-
tion. Electroanalytical methods are tools that can be integrated into the principles of green
analytical chemistry (GAC), as described by Yafiez-Sedefio et al. [32], because they provide
real-time detection and in situ monitoring, positioning them as a promising alternative for
determining THY and CAR.

Notwithstanding all the above characteristics, only a few reports regarding THY and
CAR determination via electrochemical sensors are found in the literature, with more
reporting on the individual analysis of these analytes. It is worth noticing that the simul-
taneous determination of THY and CAR is a troublesome challenge due to the proximity
of their oxidation potentials. Hence, when both analytes are present, the concentration is
generally expressed as the total content of THY and CAR. For instance, they have been
jointly determined in phytotherapeutic black seed oil using differential pulse voltammetry
(DPV) at glassy carbon electrode (GCE) [33] and in selected Mexican oregano essential
oils using single-walled carbon nanotubes screen-printed electrodes (SWCNT-SPEs) [34].
Likewise, the total content of THY and CAR was determined by linear sweep voltammetry
(LSV) at GCE in TEO and OEO samples [35].

However, novel approaches have revealed the possibility of simultaneously determin-
ing THY and CAR with the aid of chemometrics. Chemometric tools play an essential role
in electroanalysis [36], principally for multianalyte calibration and modeling in multicom-
ponent dynamic systems [37-40]. Multivariate data analysis is a method of examining data
comprising multiple variables derived from a number of samples. The objective of this ap-
proach is to identify all the variations present in the data matrix under study. Consequently,
chemometric tools are employed to ascertain the relationships between the samples and
variables within a given data set and to transform them into new latent variables [41].
Multivariate calibration methods have gained widespread acceptance due to their ability
to analyze the interactions between analytes. In this context, the partial least squares (PLS)
algorithm is the most preferred tool among chemometricians for developing calibration
models for analyzing big numbers of data sets in a rapid and efficient manner [42]. In these
regards, an electrochemical method based on square wave voltammetry (SWV) at GCE
coupled with artificial neural network (ANN) analysis [43] and a strategy using DPV at
boron-doped diamond (BDD) electrodes with regression [44] were successfully developed
for the simultaneous determination of THY, CAR, and eugenol in honey samples. More
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recently, CAR was determined in the presence of high THY concentrations through a
multi-way calibration model demonstrating the potential of combining electrochemical
second-order data with chemometrics [45].

Under the TUPAC definition, a microelectrode is an electrode with tens of micrometers
or fewer dimensions. This small dimension has several significant practical implications,
including a decreased ohmic drop of potential, IR, the rapid establishment of a steady-state
signal, increased current due to enhanced mass transport at the electrode boundary, and
an increased signal-to-noise ratio. Consequently, this microelectrode is advantageous in
numerous areas of electroanalytical chemistry, especially in organic media [46].

This work presents an electroanalytical methodology for the simultaneous determi-
nation of THY and CAR in TEO and OEO by applying SWV on Pt-microelectrode (PtME)
coupled with chemometric tools such as multivariate calibration based on PLS, thereby
achieving integrated development with GAC principles.

2. Materials and Methods
2.1. Reagents

Carvacrol (CAR, >98%) and thymol (THY, 99%) standards, tetrabutylammonium
perchlorate (TBAP, >99.0%), and oregano and thyme essential oil samples (OEO and
TEO) were obtained from Sigma—Aldrich (Darmstadt, Germany). Acetonitrile (ACN,
HPLC grade) was purchased from Sintorgan (Buenos Aires, Argentina) and kept over 3 A
molecular sieves to minimize the water content in organic solvent to trace levels. Ethanol
(EtOH) was purchased from Sintorgan (Buenos Aires, Argentina). All reagents were used
as purchased.

CAR and THY stock solutions (15 mM) were prepared in ethanol (EtOH) and kept at
4 °C in darkness.

2.2. Instrumentation

Voltammetric measurements were performed with an Epsilon potentiostat (BASi-
Bioanalytical System, West Lafayette, IN, USA) using the electrochemical analysis software
provided by the manufacturer. The working electrodes were a platinum disk microelectrode
(PtME, BASi Electroanalytical System, USA, diameter = 10 pm) and platinum macroelec-
trode, the counter electrode was a large-area platinum foil (A ~ 2 cm?), and the reference
electrode was Ag/AgCl (3 M NaCl). For the measurements, the electrodes were inserted
into the electrochemical cell (approx. 2.0 mL volume) through holes in its Teflon cover.

The chemical composition of EOs was determined by the reference method based on
gas chromatography—mass spectrometry (GC-MS), using a Perkin Elmer Clarus 600 equip-
ment (Shelton, CT, USA) with a Perkin Elmer column DB5 (30 m, 0.25 mm ID, 0.25 um)
operating in temperature gradient mode. The gradient was established as follows: at the
beginning, the oven was set at 60 °C for 5 min, and then it was gradually increased from
60 °C to 240 °C at a rate of 5 °C min~!; finally, it was kept constant at 240 °C for 10 min.
The carrier gas (Helium) flow was 1 mL min~!, and the injector temperature was 300 °C,
operating in splitless mode. Before injection, samples were diluted in hexane (1/100).
The analysis was performed in scan mode, from m/z = 50 to m/z = 350 (scan time: 0.2 s,
inter-scan time: 0.1 s), solvent delay: 5 min. The main components were identified by
directly comparing the retention time and the mass spectrum EO components with the
pure standard compounds. Relative concentrations were calculated according to peak area
normalization given by TurboMass 5.4.2. software [47].

2.3. Voltammetry Measurements

Before measurement, the PtME surface was stabilized, aiming to produce an electro-
chemical activation of the electrode surface, allowing reproducible responses [48]. This
stage involved recording CV from 0.0 V to 2.0 V (vs. Ag/AgCl (3 M NaCl)) at a scan rate
(v) 0of 0.100 Vs~ 1 in ACN + 0.1 M TBAP solution. Then, SWV signals were recorded in the
potential range of 0.9 V to 2.2 V. For SWV, the square wave amplitude (AEs,,) was 0.025V,
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using a step potential (AEs) and a frequency (f) of 0.005 V and 15 Hz, respectively. All the
experiments were carried out at room temperature.

2.4. Estimation of ME Electroactive Area

The electroactive area of the PtME disk was determined following the procedure
reported by the Compton group [49], in which a double potential step chronoamperometry
in ACN + 0.1 M TBAP solution, using the ferrocene/ferrocenium ion (Fc/Fc*) as the
redox couple, is implemented. The current-time responses were recorded after applying a
potential of 0.0 V (where the faradaic process does not occur) for 10 s. Then, the potential
was maintained at 0.6 V (where the faradaic reaction occurs at the maximum possible rate)
for 5 s. Finally, the potential was returned to its initial value for 5 s. The responses were
analyzed using the Shoup and Szabo equations [50].

2.5. Calibration and Validation Samples

The calibration sample set was designed using a multilevel multifactor design [51]
and involved a series of two-component mixtures at five concentration levels. In this way,
twenty-five standard solutions, covering the concentration range of 92 pM to 1380 uM
for THY and 93 uM to 1420 uM for CAR. The lower and upper concentration limits were
established considering the expected concentration of the analytes in the EO samples. A
validation set of 16 synthetic mixtures was prepared with random concentrations in the
ranges defined by the extremes of a calibration set. The different concentrations of the
calibration and prediction sets are shown in Table S1 (Supplementary Materials).

All the solutions were prepared by transferring proper aliquots of the stock solutions
to 5.00 mL of ACN + 0.1 M TBAP as the supporting electrolyte. Then, 2.0 mL was placed
into the electrochemical cell for measurements.

2.6. Essential Oil Samples

TEO and OEO commercial essential oils were analyzed. Initial EO stock solutions were
prepared by diluting 50 uL of each commercial EO with EtOH, reaching a final volume of
5mlL, and stored at 4 C until analysis.

Two groups of 4 samples, comprising both blank and spiked samples, were analyzed
to create a set of EO samples. Using a randomized design approach, aliquots from the
EO stock solution were spiked with THY and CAR at different concentration levels. The
solutions were prepared by transferring the appropriate aliquots of each analyte solution
into 5.0 mL of the EO stock solution. (For more information, the reader is referred to
Table S2, Supplementary Materials).

For measurement purposes, 0.5 mL of the blank or spiked EO sample was transferred
to a 5.0 mL flask, completing the mark with ACN + 0.1 M TBAP. Finally, 2.0 mL of the
resulting solution was placed in the electrochemical cell for analysis.

2.7. Software

Data processing and analysis were performed in MATLAB 2015b [52]. PLS algorithm
was implemented in MVC1 [53], for which the MATLAB codes are available at https://
data.mendeley.com/datasets/8f7kmx7msk/1 (accessed on 5 Feburary 2024). The version
of Green used was the AGREE standalone software, which was freely downloaded from
https:/ /mostwiedzy.pl/wojciech-wojnowski, 174235-1/ AGREE (accessed on 8 July 2024) [54].

3. Results and Discussion
3.1. The Electrochemical Behavior of THY and CAR

The influence of the scan rate (v) on the THY and CAR electrochemical responses
was studied by cyclic voltammetry (CV). Figure Sla,b (Supplementary Materials) show
the cyclic voltammograms recorded at Pt macroelectrode in ACN + 0.1 M TBAP for a
THY concentration of 1.0 x 1073 M and CAR concentration of 1.0 x 1072 M, respectively.
Therefore, the anodic peak current (I}, a) for the THY and CAR oxidation peak increases as
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v increases. Figure Slc,d (Supplementary Materials) show the corresponding Ip, 5 vs. v
plots for a THY and CAR, respectively; both graphs are linear. These results allow inferring
that the electron transfer process undergoes a pure diffusion-controlled process [55]. Thus,
the utilization of an ultramicroelectrode can enhance the efficacy of the methodology [56].

First, the PtME was electrochemically characterized by evaluating the electrochemical
oxidation of Fc to Fc* in ACN, as suggested in Ref [48]. Figure S2a,b (Supplementary
Materials) show the cyclic voltammogram recorded at PtME at v = 5 mV s~ ! and the
double potential step chronoamperometry, respectively, for a Fc concentration of 3.0 mM in
ACN + 0.1 M TBAP. In these conditions, the electroactive diameter electrode calculated for
the PtME was (13.2 £ 0.2) pm.

Figure S3 (Supplementary Materials) displays the SW voltammograms at PtME versus
Pt macroelectrode in ACN + 0.1 M TBAP for a THY and CAR concentration of 1.0 x 1073 M
in terms of current density (J, for the estimation of ME electroactive area, see Section 2.4).
As expected, ] is markedly elevated in PtME, thereby rendering it the optimal choice for
the working electrode.

The PtME repeatability was calculated as the relative standard deviation (RSD) per-
centage of six independent measurements performed for 150 and 900 uM THY and CAR
solutions. Calculated values were 2.41 and 2.23 for THY and CAR, respectively, when the
analyte concentrations were 150 uM. RSD values were 3.05 and 3.18 for the two analytes
when a concentration of 900 uM of each analyte was used.

Then, the electrochemical responses of THY and CAR were analyzed by recording the
SW voltammograms at PtME in ACN + 0.1 M TBAP from 0.9 to 2.2 V using a concentration
of 1400 uM and 1500 uM for THY and CAR, respectively. Figure 2 shows the SW voltam-
mograms recorded for THY (black line), CAR (blue line), THY + CAR (red line), and the
corresponding blank solution (dotted black line).

2.5x10°
2.0x10°
1.5x10°
<L
—

1.0x10° S

5.0x10™"

0.04

E/V

Figure 2. Square wave voltammograms for solutions of 1.4 mM THY (black line), 1.5 mM CAR (blue
line), 1.4 mM THY + 1.5 mM CAR (red line), and the blank solution (dotted black line). Reaction
medium: ACN + 0.1 M TBAP. Square wave conditions were AEgyy = 0.025 V, AEs = 0.005 V, and
f=15Hz.

As can be appreciated, THY shows a main oxidation peak centered at about 1.52 'V,
whereas the CAR oxidation peak is centered at 1.47 V. Due to the high proximity of the
THY and CAR analyte oxidation potentials, the voltammetric profile of the binary mixture
features one mean peak masking the individual maxima of the compounds, which precludes
easily distinguishing the individual contribution of the analytes. Therefore, some resolution
strategies must be performed to determine the analytes simultaneously. In this regard,
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multivariate calibration models emerge as a powerful alternative, allowing the system to
be mathematically resolved without requiring complicated sample treatment procedures.

3.2. Multivariate Calibration Method Development

In chemometric-based analytical methodologies, thoroughly evaluating the data prop-
erties becomes essential to designing robust data analysis protocol that ensures successful
outcomes. Within the multivariate calibration framework, a critical factor is evaluating
the relationship between the instrumental response and the analyte concentration. While
assessing linearity, using univariate calibration models with pure analytes may prove
insufficient in capturing the nuanced dynamics. This inadequacy arises due to the intricate
dynamics at play when multi-analytes are present, where the linearity can undergo alter-
ations due to competition/interaction among the electroactive species in the voltammetric
measurement [57].

For linear multivariate calibration models, PLS emerges as the preferred tool. Hence,
an effective method for assessing deviations from linearity involves constructing an initial
PLS model with the optimal number of latent variables (LV) and predicting analyte concen-
trations in validation samples. Confirmation of system linearity is achieved when the LV
number aligns with the number of electroactive species and the validation residuals show
no correlation [58,59]. In these regards, it is worth mentioning that an increase in the LV
number may arise from measurement variations between samples, which are unrelated
to analyte concentration changes, thus not impacting the linear behavior of the system.
Therefore, the implementation of mathematical preprocessing techniques prior to multi-
variate calibration becomes crucial. These techniques aid in emphasizing the data-relevant
features, enhancing the predictive capability of the model in a parsimonious manner, and
yielding better statistical indicators.

The raw SW voltammograms recorded for the calibration and validation samples
are depicted in Figure 3. From the visual inspection, it can be noticed that these signals
exhibit baseline effects that vary across the different samples. These baseline variations
can be effectively mitigated by applying baseline correction methodologies or subjecting
the data to mathematical transformations. One specific technique for baseline correction is
the application of the Savitzky—Golay derivatives, which proved to be highly effective in
eliminating baseline influences without necessitating intricate pretreatment procedures [58].

(A) x1.0'9 _ . . _ (B) ><1.0'9
4t 4t
3t 3t
< <
=2} 1= 2}
1t 1t
0 . ; . . ; 0 : : . ) 1
10 12 14 16 18 20 22 10 12 14 16 18 20 22
E/V E/V

Figure 3. Raw SW voltammograms recorded for the (A) calibration and (B) validation samples at
PtME, from the binary mixtures of THY and CAR, as indicated in Section 2.5. (AEgy = 0.025 V,
AEg =0.005V, f =15 Hz.).
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Additionally, a common artifact observed is manifested as abscissa shifts between sam-
ples. This phenomenon may arise not only from differences in the analytes concentration
ratio but also from stochastic empirical events commonly encountered in electrochemical
data, particularly in organic media reactions where variations in ohmic drop occur due to
the electrochemical cell layout, becoming significant in many cases. These events must be
mitigated before applying any multivariate technique to highlight the actual contribution
of the analytes. Several approaches can be utilized for abscissa shift correction; notwith-
standing, it is crucial to acknowledge that implementing this strategy is not straightforward.
A challenging situation may arise where the individual features of the analyte strongly
overlap, rendering them indistinguishable in the global signal. In such cases, the correction
process may introduce undesired effects into the data. Therefore, careful consideration
and validation are paramount when applying the alignment methodologies to ensure their
appropriateness for the specific characteristics of the electrochemical data under study.

In light of this scenario and aiming to develop a calibration model that more compre-
hensively describes the system, different strategies were evaluated and compared regarding
their predictive efficacy and the robustness of the statistical indicator.

The optimized number of LVs was estimated by the well-known leave-one-out cross-
validation procedure following Haaland’s criterion (i.e., p < 0.75). Once the number of total
LV was chosen, the prediction step was accomplished on the test samples. The presence
of outliers in the validation samples was assessed by evaluating the spectral residues
through the statistical F-test, which compares the squared residuals for the prediction
sample and the average square residuals of the calibration set. The root-mean-squared
error of prediction (RMSEP) and the relative error of prediction (given in %, REP%) were
calculated as follows.

Nyg 2
Enéll (ynom,n - ypred,n)
RMSEP = 1)
Nval
REP% = 100RNI;EP 2)

where Ynom,n and Ypyeq,, are the nominal and predicted concentration of the analyte in the
validation sample n, respectively, N, is the total number of validation samples, and ¥ is
the mean concentration of the validation samples [58]. The results obtained for the three
approaches are summarized in Table 1.

Table 1. Model parameters utilized and statistical indicators obtained for PLS models.

Statistical Indicators

Analyte
y Data v RMSECV?®  RMSEP® . .. 24
(uM) (uM)
Raw 5 8.84 16.9 2.29 0.9994
Mean-centering 4 8.84 16.9 2.29 0.9994
THY  girst derivative © 3 7.95 17.0 2.30 0.9994
Second derivative € 2 10.12 19.6 2.65 0.9993
Raw 5 9.04 16.5 2.17 0.9996
CAR Mean-centering 4 9.06 16.5 217 0.9996
First derivative € 2 8.96 15.3 2.10 0.9996
Second derivative € 2 9.05 14.8 1.95 0.9997

2 RMSECV: root-mean-squared error of cross-validation estimated according to [58]. b RMSEP: root-mean-squared
error of prediction estimated following Equation (1). ¢ REP %: relative error of prediction given in % estimated
following Equation (2). 9 r2: determination coefficient. © Mean-centering was also applied.

It is evident that models built with pretreated data require significantly fewer LV
compared to raw data. This observation aligns with expectations, as pretreatment miti-
gates concentration-unrelated artifacts, such as baseline and abscissa shifts. The observed
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satisfactory results affirm the linearity of the response—concentration behavior and indi-
cate the absence of abscissa shifts caused by empirical variations, thus confirming the
reproducibility of PtUME measurements. Although the evaluated models yielded satisfac-
tory results with low RMSEP and REP% values below 3%, there is a preference for more
parsimonious models.

To gain further insights into the predictive capability of the models, the elliptical joint
of confidence region (EJCR) for the slope and the intercept of the predicted vs. nominal
values plot and the prediction residuals were analyzed. Figure 4 shows the EJCR plot at a
95% confidence level and the prediction errors obtained for each model.

(A) 40 (B) 40 -
R 3
A A X A A
20t o 20 o ® A ® .
= g 40 ® 8
o ()
Q of - RE @aggQ °©a
= L 0 g o
g © A @ Oa ®
£ 3 ® &
20t kS @ A
-20 e 3
-40 é
i " _40 " " " " " "
0.96 1.00 1.04 1.08 1 3 5 7 9 11 13
Slope Sample

Figure 4. (A). Elliptical joint of confidence region plots obtained for THY (blue lines) and CAR
(red lines) with the different models: raw and mean-cantering (solid lines), first derivative (dotted
lines), and second derivative (dashed lines), where the point (0,1) is the ideal point. (B). Prediction
errors obtained for THY (blue markers) and CAR (red markers) with the different models: raw and
mean-cantering (circles), first derivative (asterisks), and second derivative (triangles).

The elliptical domains obtained for the analytes using different models visibly encom-
pass the theoretically expected point (1,0) for slope and intercept, respectively, demonstrat-
ing the accuracy of the proposed methodologies. Nevertheless, the domains obtained for
CAR determination draw near the ideal point borderline, with the second derivative-based
methodology yielding the most satisfactory results. On the other hand, for THY, the most
centered ellipse was achieved using the first derivative data. Last, it is worth highlight-
ing that the residuals show a random pattern, indicating the lack of correlation between
samples (Figure 4B).

Based on these observations, when analyzing EO samples, the first derivative-based
model is employed for THY, while for CAR, second derivative data are preferred.

3.3. Analytical Figures of Merit

The analytical figures of merits (AFOMs) were estimated to comprehensively describe
the analytical performance of the proposed method. As stated, the first derivative-based
model was employed for THY, while for CAR, the second derivative data were preferred.

Sensitivity (SEN), analytical sensitivity (y), limit of detection (LOD), and limit of
quantitation (LOQ) for each analyte were estimated according to [58] and are summarized
in Table 2.
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Table 2. Analytical figures of merits.

AFOM THY CAR
SEN (A/uM) 35x 10713 13 x 10714
v (LM) 293.1 18.8
LOD (uM) 7.4-13.8 9.8-13.6
LOQ (uM) 22.1-41.4 29.5-40.8

As stated in Table 2, the LOD figures estimated for the THY and CAR reached values
as low as 7.4 and 9.8 uM, respectively. Although these values slightly exceed those found
in the literature for simultaneous analyte determination using an electrochemical approach,
it is crucial to note that the proposed methodology does not require modifications to the
electrode surface or complex data analysis. For instance, Kowalcze and Jakubowska [44]
reported the simultaneous determination of eugenol, THY, and CAR using DPV combined
with PLS at a boron-doped diamond electrode, achieving LODs around 0.1 uM and REP
below 5.1%. Meanwhile, Tonello et al. [43] detailed the determination of EUG, THY, and
CAR using SWV combined with ANN at GCE, obtaining similar REP values to the proposed
method, albeit with a higher LOD for both analytes (16 pM).

3.4. Analysis of OEO and TEO

The TEO and OEO samples were characterized through GC-MS, and THY and CAR
content were determined and comprehensively compared with those obtained in this work. The
chromatographic profiles of TEO and OEO are shown in Figure $4 (Supplementary Materials).

GC-MS analyses revealed that the TEO and OEO samples primarily comprise oxy-
genated and hydrocarbon monoterpenes and sesquiterpenes. Among the oxygenated
monoterpenes, THY and CAR emerged as the predominant compounds. Specifically, in
TEO, phenolic monoterpenes constituted over 40%, with approximately 95% being THY. On
the other hand, OEO exhibited a content exceeding 50%, with c.a. 90% attributed to CAR
within the phenolic monoterpenes category. Table 3 shows the predicted concentrations
of THY and CAR obtained with the GC-MS methodology and those obtained with the
developed electrochemical method. Moreover, the predicted concentrations of CAR and
THY in samples obtained for GC-MS, i.e., prior to dilution, are displayed.

Table 3. Predictive concentrations of THY and CAR in TEO and OEO samples through GC-MS and
the proposed electrochemical (EQ) method.

THY CAR Content in Sample
Sample GC-MS EQ RY% GC-MS EQ RY THY CAR
(uM) (uM) ° (uM) (uM) ° (%owlv) (%owlv)
OEO 1 12.0 18.9 157.5 536.0 560.4 104.5 1.4 42.0
OEO 2 12.0 17.9 149.1 843.0 874.8 103.8 1.3 65.6
OEO 3 397.0 371.3 93.5 843.0 818.1 97.0 27.8 61.3
OEO 4 390.0 3324 85.2 1270.0 1200.0 94.5 24.9 90
TEO5 288.0 235.4 81.7 13.0 9.1 70.0 17.7 0.7
TEO 6 4340 462.6 106.6 13.0 13.3 102.3 34.7 1.0
TEO 7 505.0 509.2 100.8 501.0 488.8 97.6 38.2 36.7
TEO 8 856.0 777.3 90.8 501.0 537.7 107.3 58.3 40.3
R%? 108.2 97.1
REP% P 5.6 43

2 R% = average percentage of recovery given in %. ® REP% = relative error of prediction given in %.

The recoveries (R%) and REP% of the predicted analyte concentrations in TEO and
OEO obtained with the proposed method were estimated considering GC-MS as the
reference method.
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The initial observation deserving attention is that OEO 1 and OEO 2 exhibit predicted
THY concentrations borderline the LOD upper limit. Likewise, TEO5 and TEO6 predicted
CAR concentrations falling within the range defined by the LOD and LOQ. Consequently,
it is unsurprising that these samples display the most significant differences in predicted
levels. Notably, these samples correspond to those for which THY and CAR were not
added; hence, the predicted concentration refers to the TEO and OEO basal concentra-
tion. It is worth emphasizing that these concentrations, within the LOD and LOQ range,
may contribute to the observed prediction disparities. However, it should be noted that
these samples underwent a dilution process first in EtOH and then in ACN to facilitate
measurements. Hence, there is an opportunity for refinement in the sample preparation
process to achieve concentrations falling within the quantitative range of prediction. Slight
adjustments in the preparation protocol could yield data points that are more aligned with
the intended quantitative analysis. Notably, these samples were those for which the THY
and CAR concentrations were the EO basal concentration, i.e., not spiked samples.

To assert the accuracy, the R% values were statistically evaluated against the ideal
value of 100% using a t-test. The null hypothesis posits that the average experimental R%
is not significantly different from the ideal value. For this, an experimental t,,, value was
estimated for each analyte and compared to a critical ¢4, value at level « and v = [-1
degree of freedom (with I being the number of validation samples). Considering a level
of oc = 0.05, the t,yxy (0.79552 and 0.68796 for THY and CAR, respectively) were lower than
the critical £ o5 7) = 2.3677, indicating that the experimental recoveries are not statistically
different from 100%. Therefore, the accuracy of the method was asserted.

At this point, it is noteworthy that all calibration and validation samples were prepared
in an organic medium rather than the EO matrices. This procedure was performed due to
the unavailability of OEO and TEO without THY and CAR content. However, the satisfac-
tory results confirm the absence of signal interference in the EO matrix, demonstrating the
practical suitability of the proposed methodology in real samples.

3.5. Greenness Evaluation

To provide deeper insights into the advantages of the proposed methodology, the
sustainability of the method was quantitatively evaluated through the GREEnness metric
approach previously reported by Pena-Pereira et al. in 2020 [54]. This metric assesses the
greenness of a method by assigning a score to the analytical procedure on a scale from 0 to 1,
based on adherence to the 12 principles of green analytical chemistry. A higher overall score
indicates a greener methodology, reflecting a more environmentally sustainable approach.

The score of the proposed method was obtained and compared with the one obtained
for the GC-MS-based approach. Figure 5 shows the pictograms depicting the overall scores
and the performance of the individual criterion according to a color scale obtained for EQ
and GC-MS methodologies.

. Sample treatment

. Sample amount

. Device positioning
Sample prep. stages
Automation, miniaturization
. Derivatization

. Waste

. Analysis throughput
. Energy consumption
10. Source of reagents
11. Toxicity

12. Operator's safety

CONOUAWNE

Figure 5. Green assessment of the (A) PtME-based method developed to determine THY and CAR in
TEO and OEO and (B) the GC-MS method using the AGREE metric.
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In the case of the proposed PtME-based method, the lowest score was obtained for the
usage of organic solvent (score 11). However, the miniaturized size of the electrodes aids in
diminishing the volume of solvent required for the measurements. Notwithstanding, most
of the individual scores highly satisfied the criterion of greenness, achieving an overall
score of 0.86, which is significantly better than those obtained for the reference method
(GC-MS, 0.68). This result endorses the sustainability of the proposed method, shedding
light on the fact that the methodology aligns with the criteria of green analytical chemistry.

Many scientific publications have demonstrated the relevance of the simultaneous
determination of THY and CAR. The most relevant ones are summarized in Table S3
(Supplementary Materials). As can be seen, most of the approaches are based on sepa-
rative techniques (gas or liquid chromatography), offering satisfactory results in terms
of LOD and recovery rates in different samples. However, they are time-consuming
(3-30 min), require several steps of sample pretreatment, and generate a large amount of
waste. Since these characteristics do not align well with the twelve principles of green
chemistry, these methods cannot be considered environmentally sustainable, as demon-
strated by the low score obtained with AGREE evaluation (AGREE evaluation in Table S3
(Supplementary Materials)).

On the other hand, performing simultaneous determination of THY and CAR usually
requires multivariate calibration tools due to the high overlap between electrochemical
signals. It has been demonstrated that implementing these approaches aids in reducing
sample pretreatment, time, and waste, which are the primary goals of the GAC. In the
literature, only two methods are found in which PLS and ANN were used to determine
THY and CAR in honey samples without requiring sample pretreatment. These methods
allow for the fast and successful determination of the analytes, showing good recovery
figures; however, the LOD determination is estimated for a univariate calibration model
(not recommended), and in the case of the PLS model, many latent variables are used,
which may lead to a model overfitting.

To the best of our knowledge, the method proposed in this work is the first reporting
of the simultaneous determination of THY and CAR in essential oil samples using PLS
models with minimal data pretreatment. Despite the obtained LODs being higher than
those obtained by other methods [60-62] (see Table S3 in Supplementary Materials), the
THY and CAR content in TEO and OEO is much higher than the LOD. In addition, this
method stands out for its simplicity since it requires no sample pretreatment (only dilution
in supporting electrolyte), a small amount of sample needed, low waste, and low time
consumption, all the characteristics within the GAC framework. All these accomplishments
assess the suitability of the unmodified PtME in determining THY and CAR in essential
oils in a sustainable manner.

4. Conclusions

The combination of PtME and multivariate calibration models has demonstrated a
remarkably efficient, straightforward, and sustainable strategy for simultaneously deter-
mining THY and CAR in thyme and oregano essential oil. Utilizing micro-sized electrodes
leverages the potential of the electrochemical-based approaches by enhancing the analytical
performance of the methods while requiring minimal sample volumes. The advantages
mentioned above outweigh the disadvantages associated with using microelectrodes, in-
cluding low currents and mechanical fragility, among others.

The excellent reproducibility of acquired SW voltammograms was confirmed through
PLS models applied to raw and pretreated data, yielding satisfactory results. However,
a simple preprocessing data protocol was adopted, pursuing an improvement in the
analytical performance in a parsimonious manner. The first derivative and mean-centering
were implemented as preprocessing for THY determination, while CAR determination was
accomplished with mean-centered second derivatives.

The predictive capability of the method was asserted by comparing the results obtained
with those obtained with GC-MS, which is considered the reference method. The results
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underscore the suitability of the method for determining THY and CAR (two isomers with
highly overlapped electrochemical signals) at low concentrations (LOD ~7.6 pmol L™!) with
REPs below 5.6% in essential oils. Last, it is noteworthy that the method’s environmental
sustainability was asserted using the AGREE metric, meeting the criteria of green analytical
chemistry and highlighting its eco-friendly nature.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors12090197 /s1, Table S1. Concentrations of THY and
CAR used in the calibration and validation sets; Table S2. Volumes of standard stock solution used
for spiked EO sample set (total volume=5.00 mL); Table S3. Comparison between the proposed
electrochemical method and others found in the literature; Figure S1. Cyclic voltammograms at
different v (from 5 to 250 mV.s~1) recorded in ACN + 0.1 M TBAP at Pt macroelectrode for (a) THY
concentration of 1.0 x 1073 M and (b) CAR concentration of 1.0 x 103 M. Plots of Ipa vs v”, for
(c) THY and (d) CAR; Figure S2. (a) Cyclic voltammogram recorded for 3 mM of Fcin ACN + 0.1 M
TBAP solution at PtME disk. Scan rate: 5 mV s~. (b) Chronoamperograms recorded after applying
a double potential step from 0 to 0.6 V during 5 s at PtME disk; Figure S3. SW voltammograms
recorded for 1.0 x 1073 M of THY + CAR in ACN + 0.1 M TBAP solution at PtME disk (black line)
and Pt macroelectrode (red line). Square wave conditions were: AEgy = 0.025 V, AEs = 0.005 V, and
f = 15 Hz; Figure S4. GC-MS profiles recorded for (a) TEO and (b) OEO.
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