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Abstract: Currently, it is necessary to maintain the quality of aquifers and water bodies, which means
the need for sensors that detect molecules as emerging pollutants (EPs) at low concentrations in
aqueous complex solutions. In this work, an electronic tongue (e-tongue) prototype was developed to
detect 17β-estradiol in tap water. To achieve such a prototype, an array of sensors was prepared. Each
sensor consists of a solid support with interdigitated electrodes without or with thin films prepared
with graphene oxide, nanotubes, and other polyelectrolytes molecules adsorbed on them. To collect
data from each sensor, impedance spectroscopy was used to analyze the electrical characteristics of
samples of estrogen solutions with different concentrations. To analyze the collected data from the
sensors, principal components analysis (PCA) method was used to create a three-dimensional plane
using the calculated principal components, namely PC1 and PC2, and the estrogen concentration
values. Then, damped least squares (DLS) was used to find the optimal values for the hyperplane
calibration, as the sensitivity of this e-tongue was not represented by a straight line but by a surface.
For the collected data, from nanotubes and graphene oxide sensors, a calibration curve for concentra-
tion given by the 10PC1×0.492−PC2×0.14–14.5 surface was achieved. This e-tongue presented a detection
limit of 10−16 M of 17β-estradiol in tap water.

Keywords: e-tongue; graphene oxide; polyelectrolytes; layer-by-layer films; impedance spectroscopy;
emerging pollutants; estrogen; 17β-estradiol; complex matrices; principal components analysis

1. Introduction

Nowadays, personal care and pharmaceutical products (PPCP), also referred to as
emerging pollutants (EPs), are acknowledged as an environmental threat since they are
being accumulated in aquifers and water bodies [1–14]. Although many water treatment fa-
cilities have been built for their purification, new EPs are still being discovered, and there is
a lack of sensors that can properly monitor them with a reasonable maintenance cost, mean-
ing these facilities are unfit and lack the means to fulfill their purpose in its integrity [15].

The only feasible solution to this problem is to improve the facilities with new sensors
capable of accurately detecting these new EPs. The new sensors should be small, capable
of real-time analysis, and inexpensive. Additionally, for a sensor to be fit for this type
of application, it also needs to be capable of identifying the concentration of a specific
molecule present in a complex solution. This is because water is composed of, in addition
to water molecules, many different salts and substances [1,15–17].

Estrogen is an endocrine-disrupting chemical (EDC); it has been already confirmed
that these molecules cause harm to humans in the form of “cancer, developmental prob-
lems, diabetes, and possibly also obesity and the metabolic syndrome” [17], among other
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possibilities. It has also been proven that estrogen is present in riverbank infiltrations [15]
and sewage [16], confirming the need for a sensor capable of detecting it [18,19].

The detection of estrogen has been a relevant topic for over two decades now. But,
since 1996, the yeast estrogen screen method (YES) that employs chemical sensors has
been successful in detecting low concentrations of estrogen [20]. Later, in 2018, the Arxula
yeast estrogen screen method, an improvement on the classic YES method, was validated,
and it proves relevant still [21]. This method can detect the concentration of estrogen-like
substances by making them react with estrogen reactors (ERs) and measuring the result.
However, it requires sampling and long periods of incubation in a lab. This increases
its cost and requires transportation of the samples without providing real-time analysis.
Additionally, the method of gas chromatography–mass spectrometry was used to determine
the concentration of EE2 in the central south coast of Chile [15]; in this study, values between
4.18 and 48.14 ng/g dry weight were obtained.

To overcome the above-mentioned limitations, e-tongue systems are proposed to
detect estrogen, as this type of systems has been able to detect low concentrations of other
substances in complex solutions [22–28]. An e-tongue system consists of an array of sen-
sors; an electrical system for the measurement of electrical characteristics of the aqueous
solutions, for example, a potentiometer or an impedance analyzer; and a computer. With
this arrangement, electric signals can be sent to the sensors while monitoring their electrical
response when immersed in the aqueous samples [26,27,29–35]. These studies demon-
strated that the electric behavior of electrical sensors can be appraised from the impedance
and conductivity properties of the sensors and of the aqueous solutions analyzed [27,28].
This implies that, if the sensor is an appropriate transductor to a substance, changes to
the values of the impedance and conductivity are correlated with the presence of the sub-
stance to be detected. Recently, Paulo Zagalo et al. [19] demonstrated that the thin films
polyethyleneimine (PEI) and poly (sodium 4-styrene sulfonate) (PSS) can be used to detect
low concentrations of 17α-ethinylestradiol. Following these results, the main objective
of this work was to create an e-tongue system containing an array of different sensors to
detect 17β-estradiol in aqueous complex matrices such as tap water. Each sensor consists
of interdigitated electrodes deposited on a solid support covered or not by sensorial layers
capable of receptivity to the presence of a predefined substance. For that, the sensorial
layers were prepared with the polyelectrolyte’s poly (allylamine hydrochloride) (PAH), PEI,
poly{1-[4-(3-carboxy-4-hydroxyphenylazo) benzene sulfonamido]-1,2-ethanediyl, sodium
salt} (PAZO), multi-walled carbon nanotubes (mwcnt), and graphene oxide (GO). Different
combinations of polyelectrolytes were tested regarding their ability to detect the estrogen
concentration in tap water. The data acquired from the multiple sensorial devices allowed a
multivariate analysis. To extract as much information as possible from each sensor, usually,
the electrical measurements consist of the impedance spectra. The result is a series of
“coma-separated values” (csv) files, where each file represents a concentration measured
with a sensorial device. These data were analyzed by principal components analysis (PCA)
and damped least squares (DLS) methods [26,27,29–31]. The developed e-tongue proved
able to detect very low concentrations of estrogen molecules up to 10−16 M.

2. Materials and Methods
2.1. Sensor Array

A sensor can produce an output signal based on its characteristics that should be
sensitive to the environment around the sensor [36]. As the aim was to develop an e-tongue
to detect 17β-estradiol, we firstly focused on developing sensors that react to the presence
of this estrogen.

To produce a sensor capable of reacting to different concentrations of a molecule,
besides the electrodes, a sensorial layer is used to increase the sensitivity and reproducibility.
The sensorial layer makes it possible for the sensor impedance to change depending on the
number of certain molecules present in its surroundings. The sensorial layer consists of
thin films that allow it to react discriminately or not toward a target substance.
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Nanostructured sensorial layers based on layer-by-layer (LbL) thin films of poly-
electrolytes were deposited on the sensorial area of ceramic substrates previously coated
with gold interdigitated electrodes devices acquired from Metrohm DropSens (Oviedo,
Asturias, Spain) [24]. The polyelectrolytes used were PAH, PAZO, PEI, poly(sodium
4-styrenesulfonate) (PSS), GO, and mwcnt, and the respective chemical structures are pre-
sented in Figure 1a–e. These polyelectrolytes are common in sensor development and used
in the references [19,22–25,37,38]. The choice of these polyelectrolytes was based on the
fact that the preparation of these films is already well established, and the same film can
detect different molecules, as has already been demonstrated.
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For the preparation of the sensorial layers of controlled thickness, the inexpensive and
precise LbL method was used [39]. This method is based in adsorption of polyelectrolytes’
layers of opposite electrical charges at solid liquid interface. The procedure for preparation
of LbL films by applying the LbL method is described in [39] and consists of the immersion
of the solid support with interdigitated electrodes in the polycationic solution for 60 s,
washing the adsorbed layer in ultra-pure water, and drying it with flux of nitrogen; next is
the immersion of the solid support with the layer adsorbed in the polyanionic solution for
60 s followed by washing the solid support with the bilayer al-ready adsorbed in ultra-pure
water and then drying it again with a flux of nitrogen. This process is repeated as many
times as the desired number of the different layers considered. The combination of one
layer from each of the two different polyelectrolytes is called a bilayer. The sensitivity
of the film will be dependent on the compounds used, the number of bilayers, and the
thickness of each layer. The thickness is dependent on immersion time and the monomeric
concentration of the polyelectrolyte solution. In the present case, solutions of PAH, PAZO,
PEI, PSS, mwcnt, and GO with a monomeric concentration of 10−3 M were prepared.
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2.2. Estrogen Solutions

To prepare tap water samples with diverse and precise concentrations of estrogen,
a solution with a high concentration was prepared and diluted. The base solution has
a concentration of 10−5 mol/L and was prepared by weighing 0.27 mg of 17β-estradiol
and mixing it in 100 mL of methanol (MH3OH). Whenever a set of concentrations was
to be prepared, first, 1 mL of the base solution was mixed with 9 mL of tap water and
1 mL of methanol; then, this dilution was repeated until all the desired concentrations were
prepared. To maintain a constant concentration of 10% methanol, only 0.9 mL of methanol
was added in the sequential dilutions. The tap water used in all the solutions was obtained
from the tap and immediately used to prepare the solutions.

2.3. Impedance Measurements

The electrical properties of the developed sensor devices were analyzed by impedance
spectroscopy. The impedance analyzer used in this work was the Solartron 1260 Impedance/
Gain-Phase Analyzer, coupled to a 1296A Dielectric Interface module. The analysis param-
eters are defined in the SMaRT Impedance software (version 3.3.1).

For reasons explored in Section 2.4, it is important to constantly maintain the level of
immersion and temperature while measuring. To maintain a constant level of immersion
of the electrode throughout the measures, the electrode was immersed in 2 mL contained
in a 5 mL beaker until it reached the beaker’s floor. To constantly maintain the effects from
the temperature, the measurements were taken right after the solution was removed from
the fridge, where it was stored at 4 ◦C, and the solution was stored in it again right after
pipetting. This way, even if the second and third loops suffered some variation due to
the temperature variation, as the solution stayed exposed to room temperature for some
minutes while the measurements were being taken, it was neglectable compared to the
variation resulting from the degradation of the film and constant throughout the different
films and different concentrations.

2.4. Effect of the Electrode’s Area Immersed in the Sample Solutions

To confirm the effect of the immersion and emersion of the interdigitated electrode
on the measurements, an experiment was conducted by measuring the impedance spectra
by immersing the interdigitated electrodes in different positions, namely in four possible
positions, as illustrated in Figure 2. It was immersed from one position to the other, until it
was fully immersed at position p4, capturing the effect of those positions when the upper
(not immersed) part of the electrode was dry. After that, the positions were measured again
while lifting the electrode, and thus, it was possible to see the effect of leaving the upper
part wet when taking a new measurement.
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The results are presented in Figure 2, where the measures taken while immersed the
electrode are identified with a _1, and the measures taken when emerged are identified
with _2.

Although for each measurement taken, three consecutive measurements were taken,
to improve the readability of the result, only the first one is presented. This does not
compromise the accuracy of the results because the margin of error between these three
measurements of the same position was negligible compared to the difference between
the positions.

To maintain a consistent level of immersion of the electrode throughout the measures,
the electrode was immersed in 2 mL contained in a 5 mL beaker until it reached the beaker’s
floor. To constantly maintain the effects from the temperature, the measurements were
taken right after the solution was removed from the fridge, where it was stored at 4 ◦C, and
the solution was stored in it again right after pipetting.

2.5. Data Treatment

The principal component analysis (PCA) is a statistical algorithm used to extract
important information from data represented in a matrix containing observations de-
scribed by multiple inter-correlated quantitative variables. This algorithm starts by au-
toscaling all the values in each column, resulting in zeros representing the average of the
column. Then, it calculates the optimal weights by solving the eigenvector problem for the
covariance matrix.

By trying to identify the same concentration with multiple sensors simultaneously, a re-
dundancy in the dimensions of the dataset is created. To solve this, e-tongue training can be
optimized by reducing its dimension. PCA was the main algorithm used for this purpose.

PCA makes it possible to convert the impedance values of each sensor into a variable
that can be calibrated to deduce/predict the concentration. This variable will be the result
of a principal component (PC) or a mix between them. PC1 is the vector of weights that
best preserves the distance between the values in the dataset. PC2 is perpendicular to PC1
and maximizes the distances within this condition. PC3 is the vector for the plain described
between PC1 and PC2; if the dataset has fewer than three dimensions, this will be a null
vector. Once the dimension of the dataset has been reduced, if a pattern emerges from the
PCs, it is possible to predict the concentration by calibrating the sensor.

The maximization is obtained by resolving an eigenvalue problem because the covari-
ance matrix has eigenvectors that point in the direction that maximizes the variance. The
covariance matrix is an n × n matrix, where n is the number of variables in the dataset, and
it holds the variance of each variable along the diagonal and the covariance of each variable
with the others through the variable’s respective column. An eigenvector is a matrix whose
direction is preserved when multiplied by its matrix, and a scale factor between the result
and the original is observed; this scale is called the eigenvalue. To solve this type of problem,
first, the eigenvalues are determined by finding the determinant at which the covariance
matrix minus the identity matrix equals zero (1). Then, by applying the definition of the
eigenvector mentioned above, we can solve the system of equations that makes the product
between the covariance matrix and the eigenvector match the product between one of the
possible eigenvalues and the eigenvector (2). Finally, because the solution gives only the
direction of the eigenvector, we define it with absolute values that make it a unit vector.
This algorithm is explained in further detail in references [40–42].

det(covarianceMatrix − λ × I) = 0, (1)

covarianceMatrix × eigenVector = eigenValue × eigenVector, (2)

Using classes in the discrete domain to represent the different concentrations creates a
discretization error, which occurs when a function of a continuous variable is represented
in the computer by a finite number of evaluations [43]. To avoid this error, the sensor’s cali-
bration will be the result of a fitting algorithm, i.e., a continuous function that approximates
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the training set. Curve fitting is based on regression analysis, and it can be used by solving
the least squares problem. The least squares problem is the minimization of the sum from
all the squared errors. The more common methods for solving this type of problem are
the damped least squares (DLS) and the Gauss–Newton algorithm (GNA). DLS and GNA
are similar, and the main difference between them is that DLS uses the gradient descent
method. The gradient descent method serves to find local minimums and helps DLS be
more robust than GNA. However, this also means DLS is slower than GNA. In the context
of machine learning, it is common to prioritize accuracy over speed, as the time it takes to
calibrate the module and the time the module takes to produce results are independent.

DLS can also be called the Levenberg–Marquardt algorithm (LMA or just LM), and it
is an iterative procedure. It takes an initial guess of the parameters as a seed, and in cases
with multiple minimums, it can only convert to the global minimal error if the initial seed
is good. There already exist open-source routines that solve least squares problems using
the DLS, making it easily accessible.

In this work, DLS was used through the Python function curve_fit from the SciPy.Optimize
library to calculate all the trendlines presented in the results as well as the calibration surface
used with the PCA.

3. Results
3.1. Effect of Repeated Measurements

The preliminary results demonstrated that the sensorial layer degrades with the
measuring time since the film with the passage of electrical current reacts with the solution
where it is immersed. Passing an electric current through the sensorial layer triggers
chemical reactions, damaging the film’s molecules. While the sensor is immersed in an
aqueous solution, the thin film can also desorb over time. When measuring the impedance
spectra, one loop takes approximately 1 min and 20 s. As such, it is expected that most of
the damage done to the sensorial layer comes from passing electric current through the
thin films.

In this section, first, an initial analysis of the degradation with the (PAH⁄PAZO)5 film
is presented. Then, a complete analysis of the degradation of the films (PAH⁄PAZO)5,
(PEI⁄GO)5, (PEI⁄mwcnt)5, and (PEI⁄PSS)5 is presented.

To observe and characterize the effect of the degradation on the sensor presented
in the results from the sensor with a (PAH⁄PAZO)5 film, two films of (PAH⁄PAZO)5 were
prepared and immersed in the estrogen concentrations of 0 M and 10−6 M. Then, each
was measured over two sets of 15 loops; every set of loops lasted 20 min. The results
of the 60 measurements are presented in Figure 3. The points from 10−6 M and 0 M are
represented by orange and blue, respectively. The points to which more loops correspond
are represented with a lighter color.

To better visualize the data, certain frequencies are fixed, and the results are plotted
over several loops. The chosen frequencies are the ones with either the highest or the
lowest variance between the loops. However, the frequency where either the highest or
the lowest variance in the degradation is observed can be different depending on the
concentration, but to compare them, they must be plotted at the same frequency. As a
compromise, they are fixed at the frequency where either the highest or the lowest variance
in the degradation is observed between the two concentrations. This results in four graphs:
two for the impedance and two for the phase, as illustrated in Figure 4.

All the deviations in these measurements can be attributed to either degradation
or temperature change. As the samples were stored in a fridge and measured before
reaching room temperature and were exposed to a higher room temperature for over
40 min, the rise in their temperature is not negligible. However, if the temperature was the
only effect to cause deviation, both samples should present similar tendencies, but that
is not the case. The conclusion reached is that the sensor suffers more degradation with
higher concentrations.
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on the sensor device. Blue and orange points correspond to estrogen concentrations of 0 M and
10−6 M, respectively.

As such, the experiment was repeated with the solutions at room temperature, remov-
ing the temperature variable, to confirm the effect of the degradation by the number of
loops. The results are illustrated in Figure 5a.
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Figure 5. Impedance magnitude at 1 Hz as a function of the number of loops in measurements of
(a) (PAH⁄PAZO)5, (b) (PEI⁄GO)5, (c) (PEI⁄mwcnt)5, and (d) (PEI⁄PSS)5 film deposited on the sensor
device. Blue and orange points correspond to 0 and 10−6 mol/L, respectively.

These results reveal that most of the variance in the previous analysis was the result of
the temperature change, confirming that both the temperature and the number of measure-
ments taken influence the results. The same analysis of the degradation was repeated for
films of (PEI⁄GO)5, (PEI⁄mwcnt)5, and (PEI⁄PSS)5, as illustrated in Figure 5b–d, respectively.

These results show that (PEI⁄PSS)5 and (PEI⁄GO)5 suffer great degradation for lower
frequencies, where there is the best resolution; however, only (PEI⁄PSS)5 shows insignificant
discrimination between the extreme concentrations for the first loop. As such, this analysis
suggests that the film (PEI⁄PSS)5 is incapable of discerning the concentration of estrogen in
tap water.

3.2. Results with Individual Films

To study each film through different concentrations of estrogen in tap water, twelve
(PEI⁄GO)5, (PEI⁄mwcnt)5, and (PAH⁄PAZO)5 LbL films were prepared on solid supports
with interdigitated electrodes. They were used to sample four concentrations of 10−10,
10−13, 10−16, and 0 mol/L three times each. The concentration of 0 mol/L is considered
at a concentration of 10−19 to fit within the plot of the trend line, but this presumption is
not a gross error, as the sample is tap water, and it is also expected that it would already
contain estrogen, possibly in a concentration higher than the 10−19 considered. The results
extracted from these sensors as well as a control interdigitated electrode, without any films,
are presented in Figure 6.
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For better readability, Figure 7 and Table 1 present the impedance shown in Figure 6
but fixated at the frequencies where the largest variations can be observed. The point
with the concentration of 10−19 M was not considered when plotting the trend line, as it
represents the control with an unknown concentration. As such, there is a big discrepancy
between where the tendency predicts the point to be and where it is.
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measured with sensor device with (I) (PEI/GO)5, (II) (PEI/mwcnt)5, and (III) (PAH⁄PAZO)5 film
deposited on it at different estrogen concentrations.



Sensors 2024, 24, 481 11 of 18

Table 1. Magnitude and phase at different estrogen concentrations for the PEI/mwcnt film at 1 Hz
for the first loop.

Concentration
(mol/L)

Control Sample 1 Sample 2 Sample 3

Magnitude
×10−5 (Ω) Phase (◦) Magnitude

×10−5 (Ω) Phase (◦) Magnitude
×10−5 (Ω) Phase (◦) Magnitude

×10−5 (Ω) Phase (◦)

0 7.19 −72.0 2.47 −83.0 2.79 −81.8 2.90 −83.0

10−16 7.85 −72.1 2.34 −83.8 2.54 −81.6 2.98 −81.6

10−13 8.06 −71.3 2.81 −83.0 2.63 −80.7 2.66 −82.0

10−10 10.54 −71.2 3.24 −82.2 2.68 −81.6 3.79 −80.0

With these results, some conclusions can be drawn for each film. In the film (PEI/GO),
the phase shows significant discrimination between the concentrations. For the film
(PEI/mwcnt), it can be concluded that both the amplitude and the phase of the impedance
were sensitive to the variation in the concentration for samples 1 and 3. Among the samples
collected with (PAH/PAZO), sample 3 showed a different behavior from samples 1 and 2 in
both the impedance and the phase, which indicates that its point for 10−10 M concentration
could be an outlier. As such, for the (PAH/PAZO) film, the phase showed a clear tendency
along the concentration. However, the amplitude did not show significant discrimination
between the different concentrations relative to the margins of error. Additionally, in all
films, the effects of the degradation could only be observed in the loops, as each point had
an unused film. And, as expected, the trend lines between the loops are almost parallel to
each other since the effect from the degradation is considerably consistent within a small
number of loops.

3.3. Initial PCA Results

To test if using information from multiple frequencies can improve the performance of
the features from these films, an initial PCA was used. The results were four plots for each
feature monitored: the first plot was where all samples were individually normalized and
their optimal weights used to obtain the PCs; the second plot was when all samples used
the average and standard deviation from sample 1 to normalize themselves, but then their
weights were calculated individually; the third plot was the reverse from the second, as
each sample was normalized individually, but the weights from sample 1 were used; and
finally, the last plot contained all samples and used the normalization and weights from
sample 1.

The last plot where all samples used the normalization and weights from sample 1
was the most relevant, as it was used to test how the sensor would react to new data
since a single new line of data cannot be normalized or used for PCA. To calculate the
normalization parameters for the samples aside from sample 1, the three loops from
sample 1 were normalized individually along the concentrations, and their means and
standard deviations were averaged. To calculate the weights to use on the samples other
than sample 1, PCA was used for each concentration of each loop in the first sample, and
the three sets of weights calculated were averaged.

The best results from this analysis for the films (PEI/mwcnt) and (PAH/PAZO) was
the real part of the impedance, and for the (PEI/GO) film, it was the loss tangent. The plots
are illustrated in Figure 8.
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Figure 8. PC1 values over concentrations achieved with the best feature from the data measured with
the sensor device covered with (a) (PEI/GO)5, (b) (PEI/mwcnt)5, and (c) (PAH⁄PAZO)5 thin films at
different estrogen concentrations.

With these results, it can be concluded that all films were on average sensitive to a
variation in the concentration of estrogen. For the film (PEI/GO), sample 1 had a negative
correlation contrary to the other samples; however, this could be attributed to the high
margins of error. The film (PEI/mwcnt) had the best results without sample 2, but even
with it, both the amplitude and the phase were sensitive, although the amplitude had
relatively large margins of error. The (PAH/PAZO) film generally had the worst results,
but in this analysis of the real part of the impedance, it had some sensitivity, although it
still had the largest margins of error. However, because in this analysis, only the data from
sample 1 were used to calculate the normalization and weights, the margins of error can
either increase or decrease.

To obtain a better understanding of how the samples interact together, another PCA
was used. The only difference made to the data structure was that the control samples
were used in the columns. As there was one control sample in this case, the number of
columns doubled. In this analysis, the focus was not on the correlation between PC1 and
concentrations but on understanding the normalized dataset to be fed into the final PCA. As
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such, the plots show the normalized values along the columns as well as the weights given
to them. For better readability, the control and the film are separated, and the columns
are represented by their values in the frequency. The concentrations are differentiated by
color, as indicated in the legend. Figure 9 illustrates the loss tangent for the three films.
Within these plots, the best results come from the control of the nanotubes, as the different
concentrations are separated and organized in a coherent order.
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Figure 9. Normalized values and weights over frequency for the loss tangent with the sensor device
covered with (a) (PEI/GO)5, (b) (PEI/mwcnt)5, and (c) (PAH⁄PAZO)5 thin films at different estrogen
concentrations. The red and blue lines represent the weights for PC1 and PC2, respectively. The
concentrations are differentiated by color, according to the legend.

3.4. Training with PCA

To test the system’s capacity to discriminate between different concentrations of
estrogen, PCA was used with the data from the fin films that were tested. PCA was
used to condense the relevant features into a two-dimensional plane that allowed the
visualization of the dataset. When reducing the dimensionality of a dataset, information
is inevitably lost, but PCA minimizes this loss. The result from the PCA with the three
films is illustrated in Figure 10a; however, as the (PAH/PAZO) film did not show aptitude
to discriminate the different concentrations with the phase, Figure 10b illustrates a PCA
without this film. Without the (PAH/PAZO) film, the PC1 no longer overlaps the points
between concentrations of 10−16 mol/L and 10−13 mol/L.

The heatmap shows the predicted decadic logarithm for the concentration and rep-
resents the calibration plain. The equation to determine the concentration for any point
is C = 10PC_1×s_1+PC_2×s_2+constant, where s_1 and s_2 are the sensitivities for PC1 and
PC2, respectively.
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Figure 10. Plot with results achieved with sensor devices covered with (a) (PEI⁄mwcnt)5, (PEI⁄GO)5,
and (PAH⁄PAZO)5; (b) (PEI⁄mwcnt)5 and (PEI⁄GO)5 thin films, using the loss tangent spectra. The x
points are the mean values of each sample.

The table used for PCA consists of 36 lines (3 loops × 4 concentrations × 3 samples)
and 125 columns (name + 2 environments × 1 domain × 31 frequencies × 2(film + no film)).
The lines correspond to the points, and each point is a loop of the impedance spectra from
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a concentration in one of the samples with the film. The first column has the names of
all points, and the rest have the relevant features from each film; in this case, they use all
31 frequency values from the loss tangent as well as the values from the control sample. This
means that the different loops and samples generate more points, while their PC values are
determined by the loss tangent from the two films, i.e., (PAH⁄mwcnt) and (PEI⁄GO), as well
as the two respective control samples. For the lines, only three samples, considered as the
control samples, are used in the columns to serve as a reference parameter; this implies that
the information from the control sample is repeated between the lines of non-control samples.
The names used to represent the concentrations 10−10, 10−13, 10−16, and 0 (mol/L) are M10,
M13, M16, and M0, respectively, and M0 was considered 10−19 for calibration purposes.

To understand how the PCA reached its results in Figure 10b, the weights attributed
throughout its columns need to be illustrated. For better readability, the columns were
separated and organized by experiment, feature, and either film or respective control.
Figure 11 illustrates these results.
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Figure 11. PCA data and weights: (a) PEI/mwcnt control; (b) PEI/mwcnt film; (c) PEI/GO control;
(d) PEI/GO film. The red and blue lines represent the weights for PC1 and PC2, respectively.
Blue, green, yellow, and red points represent the concentrations 0, 10−16, 10−13, and 10−10 mol/L,
respectively. The color code of the samples is the same of the previous figures.

In Figure 11, the left data axis is used for the points that represent the normalized
dataset used in the PCA, and the right axis is used for the weights attributed by the PCA.
The different colors represent the same concentrations they did for Figure 10a,b; different
symbols in the data represent different samples; and the transparency increases with the
number of loops. The weights are scaled to fit between –1 and 1, and the blue and red
weights are used to calculate PC1 and PC2, respectively.

The weights have higher absolute values in regions where the different concentrations
are well differentiated. The graphs related to the control appear to have fewer points,
but they simply overlap due to the repetition mentioned above. For the films, PEI/GO
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shows more consistent variances for each concentration compared to PEI/mwcnt, but
unexpectedly, the biggest contribution was the values from the control sample associated
with the nanotubes.

Overall, the heatmap illustrated in Figure 10b suggests that the system can separate
the different concentrations with precision, as was intended. This is further supported by
the patterns illustrated in Figure 11.

However, in this training, each film was only sampled once in tap water, and different
samples of tap water contained different compositions. The effect caused by the difference
in compositions was not tested, and as such, there is no certainty that this calibration is
valid. Additionally, each film was tested only once, meaning this training also has no
statistical relevance. As there is only one test from each film, it is impossible to test the
trained data and predict the system’s performance.

Further testing of the effects from different samples of tap water would allow discern-
ing whether the sensors of the e-tongue should be sampled in either the same or different
samples of tap water. By collecting more samples for training and testing, it could also be
concluded if more sensors need to be added to the e-tongue.

4. Conclusions

In this work, an e-tongue was developed to detect low concentrations of estrogen in
aqueous complex solutions. Estrogen is a dangerous EP in the EDC group, and it needs to
be detected in small concentrations. To produce an accessible sensor that can detect these
molecules in real time, this work approaches the problem by using interdigitated electrodes
covered or not with thin films. Interdigitated electrodes deposited on a solid support are
capable of real-time analysis and are inexpensive. Additionally, when arranged as an array
of sensorial devices in an e-tongue system, they can detect low concentrations of molecules
in complex solutions, and thus, the devised e-tongue system was presented.

As such, the electric tongue system can accurately predict the value of estrogen
present in any given solution. To achieve this, impedance spectroscopy was used, and
the information through the frequencies was compiled. Determining the weights of each
frequency for each parameter for each electrode was carried out with PCA. The calibration
was completed with DLS.

The results based on a sensorial device with a film of (PEI/mwcnt)5 showed that the
phase and loss tangent present the best reproducibility. Additionally, no use was found for
the Nyquist plot in the detections of estrogen.

After collecting the samples, the PCA was used to calculate the weights for PC1 and
PC2. Then, PC1, PC2, and −log10(concentration) were plotted, and the calibration concen-
tration equal to 10PC1×0.492−PC2×0.14–14.5 was reached using (PEI/mwcnt)5 and (PEI/GO)5
thin-films data.

For future prospects, at least four more samples should be collected using the thin
films to prepare a significant dataset. Using these new samples, three could be used for
calibration and one for testing. As such, four combinations could be tested this way, and
either the calibration with the best result or an overall average could be used. Additionally,
by collecting more samples regarding degradation, drift compensation algorithms could be
used to extend the sensors’ life cycle past single use [44,45].

Author Contributions: Conceptualization, T.R., M.H.F. and M.R.; methodology, T.R. and M.R.;
software, T.R.; validation, T.R.; formal analysis, T.R. and M.R.; investigation, T.R.; resources, M.R.;
data curation, T.R., M.H.F. and M.R.; writing—original draft preparation, T.R.; writing—review and
editing, M.H.F. and M.R.; visualization, T.R.; supervision, M.H.F. and M.R.; project administration,
M.H.F. and M.R.; funding acquisition, M.R. All authors have read and agreed to the published version
of the manuscript.



Sensors 2024, 24, 481 17 of 18

Funding: This research was funded by Fundação para a Ciência e a Tecnologia (FCT-MCTES)
through the project’s grant number PTDC/FIS-NAN/0909/2014, UIDB/04559/2020 (LIBPhys) and
UIDP/04559/2020 (LIBPhys) and the Bilateral Project entitled “Deteção de Estrogénio um Con-
taminante Emergente-em Corpos Hídricos” within the scope of “Cooperação Transnacional_FCT
(Portugal)-CAPES (Brazil) 2018”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Geissen, V.; Mol, H.; Klumpp, E.; Umlauf, G.; Nadal, M.; van der Ploeg, M.; van de Zee, S.E.A.T.M.; Ritsema, C.J. Emerging

Pollutants in the Environment: A Challenge for Water Resource Management. Int. Soil Water Conserv. Res. 2015, 3, 57–65.
[CrossRef]

2. Liu, J.-L.; Wong, M.-H. Pharmaceuticals and Personal Care Products (PPCPs): A Review on Environmental Contamination in
China. Environiron. Int. 2013, 59, 208–224. [CrossRef]

3. Roberts, J.; Kumar, A.; Du, J.; Hepplewhite, C.; Ellis, D.J.; Christy, A.G.; Beavis, S.G. Pharmaceuticals and Personal Care Products
(PPCPs) in Australia’s Largest Inland Sewage Treatment Plant, and Its Contribution to a Major Australian River during High and
Low Flow. Sci. Total Environiron. 2016, 541, 1625–1637. [CrossRef]

4. Vandermeersch, G.; Lourenço, H.M.; Alvarez-Muñoz, D.; Cunha, S.; Diogène, J.; Cano-Sancho, G.; Sloth, J.J.; Kwadijk, C.; Barcelo,
D.; Allegaert, W.; et al. Environmental Contaminants of Emerging Concern in Seafood—European Database on Contaminant
Levels. Environiron. Res. 2015, 143, 29–45. [CrossRef]

5. Daughton, C.G. Non-Regulated Water Contaminants: Emerging Research. Environ. Impact Assess. Rev. 2004, 24, 711–732.
[CrossRef]

6. Matamoros, V.; Arias, C.; Brix, H.; Bayona, J.M. Preliminary Screening of Small-Scale Domestic Wastewater Treatment Systems for
Removal of Pharmaceutical and Personal Care Products. Water Res. 2009, 43, 55–62. [CrossRef]

7. Salimi, M.; Esrafili, A.; Gholami, M.; Jonidi Jafari, A.; Rezaei Kalantary, R.; Farzadkia, M.; Kermani, M.; Sobhi, H.R. Contaminants
of Emerging Concern: A Review of New Approach in AOP Technologies. Environ. Monit. Assess. 2017, 189, 414. [CrossRef]

8. Houtman, C.J. Emerging Contaminants in Surface Waters and Their Relevance for the Production of Drinking Water in Europe.
J. Integr. Environ. Sci. 2010, 7, 271–295. [CrossRef]

9. Sarris, J.; Murphy, J.; Mischoulon, D.; Papakostas, G.I.; Fava, M.; Berk, M.; Ng, C.H. Adjunctive Nutraceuticals for Depression: A
Systematic Review and Meta-Analyses. Am. J. Psychiatry 2016, 173, 575–587. [CrossRef]

10. Heberer, T. Tracking Persistent Pharmaceutical Residues from Municipal Sewage to Drinking Water. J. Hydrol. 2002, 266, 175–189.
[CrossRef]

11. Ebele, A.J.; Abou-Elwafa Abdallah, M.; Harrad, S. Pharmaceuticals and Personal Care Products (PPCPs) in the Freshwater
Aquatic Environment. Emerg. Contam. 2017, 3, 1–16. [CrossRef]

12. Yueh, M.-F.; Tukey, R.H. Triclosan: A Widespread Environmental Toxicant with Many Biological Effects. Annu. Rev. Pharmacol.
Toxicol. 2016, 56, 251–272. [CrossRef] [PubMed]

13. Thomas, K.V.; Hurst, M.R.; Matthiessen, P.; Waldock, M.J. Characterization of Estrogenic Compounds in Water Samples Collected
from United Kingdom Estuaries. Environ. Toxicol. Chem. 2001, 20, 2165–2170. [CrossRef] [PubMed]

14. Boxall, A.B.A.; Rudd, M.A.; Brooks, B.W.; Caldwell, D.J.; Choi, K.; Hickman, S.; Innes, E.; Ostapyk, E.; Staveley, J.P.; Ankley, G.T.;
et al. Pharmaceuticals and Personal Care Products in the Environment: What Are the Big Questions? Environ. Health Perspect.
2012, 120, 1221–1229. [CrossRef] [PubMed]

15. Plutzer, J.; Avar, P.; Keresztes, D.; Sári, Z.; Kiss-Szarvák, I.; Vargha, M.; Maász, G.; Pirger, Z. Investigation of Estrogen Activity in
the Raw and Treated Waters of Riverbank Infiltration Using a Yeast Estrogen Screen and Chemical Analysis. J. Water Health 2018,
16, 635–645. [CrossRef]

16. Bertin, A.; Inostroza, P.A.; Quiñones, R.A. Estrogen Pollution in a Highly Productive Ecosystem off Central-South Chile. Mar.
Pollut. Bull. 2011, 62, 1530–1537. [CrossRef]

17. Coster, S.; Larebeke, N. Endocrine-Disrupting Chemicals: Associated Disorders and Mechanisms of Action. J. Environ. Public
Health 2012, 2012, 713696. [CrossRef]

18. Wang, Y.; Hu, L.; Wang, Q.; Lu, G.; Li, Y. Adsorption Behaviors of 17 α -Ethinylestradiol in Sediment-Water System in Northern
Taihu Lake, China. Sci. World J. 2014, 2014, 371075. [CrossRef]

19. Zagalo, P.M.; Ribeiro, P.A.; Raposo, M. Detecting Traces of 17α-Ethinylestradiol in Complex Water Matrices. Sensors 2020, 20, 7324.
[CrossRef]

20. Arnold, S.F.; Robinson, M.K.; Notides, A.C.; Guillette, L.J.; Mclachlan, J.A. A Yeast Estrogen Screen for Examining the Relative
Exposure of Cells to Natural and Xenoestrogens. Environ. Health Perspect. 1996, 104, 544–548. [CrossRef]

https://doi.org/10.1016/j.iswcr.2015.03.002
https://doi.org/10.1016/j.envint.2013.06.012
https://doi.org/10.1016/j.scitotenv.2015.03.145
https://doi.org/10.1016/j.envres.2015.06.011
https://doi.org/10.1016/j.eiar.2004.06.003
https://doi.org/10.1016/j.watres.2008.10.005
https://doi.org/10.1007/s10661-017-6097-x
https://doi.org/10.1080/1943815X.2010.511648
https://doi.org/10.1176/appi.ajp.2016.15091228
https://doi.org/10.1016/S0022-1694(02)00165-8
https://doi.org/10.1016/j.emcon.2016.12.004
https://doi.org/10.1146/annurev-pharmtox-010715-103417
https://www.ncbi.nlm.nih.gov/pubmed/26738475
https://doi.org/10.1002/etc.5620201005
https://www.ncbi.nlm.nih.gov/pubmed/11596745
https://doi.org/10.1289/ehp.1104477
https://www.ncbi.nlm.nih.gov/pubmed/22647657
https://doi.org/10.2166/wh.2018.049
https://doi.org/10.1016/j.marpolbul.2011.04.002
https://doi.org/10.1155/2012/713696
https://doi.org/10.1155/2014/371075
https://doi.org/10.3390/s20247324
https://doi.org/10.1289/ehp.96104544


Sensors 2024, 24, 481 18 of 18

21. Hettwer, K.; Jähne, M.; Frost, K.; Giersberg, M.; Kunze, G.; Trimborn, M.; Reif, M.; Türk, J.; Gehrmann, L.; Dardenne, F.; et al.
Validation of Arxula Yeast Estrogen Screen Assay for Detection of Estrogenic Activity in Water Samples: Results of an International
Interlaboratory Study. Sci. Total Environ. 2018, 621, 612–625. [CrossRef] [PubMed]

22. Assunção, I.C.C.; Sério, S.; Ferreira, Q.; C.Jones, N.; V.Hoffmann, S.; A.Ribeiro, P.; Raposo, M. Graphene Oxide Layer-by-Layer
Films for Sensors and Devices. Nanomaterials 2021, 11, 1156. [CrossRef]

23. Magro, C.; Mateus, E.P.; Paz-Garcia, J.M.; Sério, S.; Raposo, M.; Ribeiro, A.B. Electronic Tongue Coupled to an Electrochemical
Flow Reactor for Emerging Organic Contaminants Real Time Monitoring. Sensors 2019, 19, 5349. [CrossRef] [PubMed]

24. Marques, I.; Magalhâes-Mota, G.; Pires, F.; Sério, S.; Ribeiro, P.A.; Raposo, M. Detection of Traces of Triclosan in Water. Appl. Surf.
Sci. 2017, 421, 142–147. [CrossRef]

25. Magro, C.; Moura, T.; Dionísio, J.; Ribeiro, P.A.; Raposo, M.; Sério, S. Nanostructured Metal Oxide Sensors for Antibiotic
Monitoring in Mineral and River Water. Nanomaterials 2022, 12, 858. [CrossRef]

26. Riul, A.; dos Santos, D.S.; Wohnrath, K.; Di Tommazo, R.; Carvalho, A.C.P.L.F.; Fonseca, F.J.; Oliveira, O.N.; Taylor, D.M.; Mattoso,
L.H.C. Artificial Taste Sensor: Efficient Combination of Sensors Made from Langmuir−Blodgett Films of Conducting Polymers
and a Ruthenium Complex and Self-Assembled Films of an Azobenzene-Containing Polymer. Langmuir 2002, 18, 239–245.
[CrossRef]

27. Taylor, D.M.; Macdonald, A.G. AC Admittance of the Metal/Insulator/Electrolyte Interface. J. Phys. D Appl. Phys. 1987, 20, 1277.
[CrossRef]

28. Elamine, Y.; Inácio, P.M.C.; Lyoussi, B.; Anjos, O.; Estevinho, L.M.; da Graça Miguel, M.; Gomes, H.L. Insight into the Sensing
Mechanism of an Impedance Based Electronic Tongue for Honey Botanic Origin Discrimination. Sens. Actuators B Chem. 2019,
285, 24–33. [CrossRef]

29. Riul, A.; Malmegrim, R.R.; Fonseca, F.J.; Mattoso, L.H.C. An Artificial Taste Sensor Based on Conducting Polymers. Biosens.
Bioelectron. 2003, 18, 1365–1369. [CrossRef]

30. Riul, A.; Gallardo Soto, A.M.; Mello, S.V.; Bone, S.; Taylor, D.M.; Mattoso, L.H.C. An Electronic Tongue Using Polypyrrole and
Polyaniline. Synth. Met. 2003, 132, 109–116. [CrossRef]

31. Ferreira, M.; Riul, A.; Wohnrath, K.; Fonseca, F.J.; Oliveira, O.N.; Mattoso, L.H.C. High-Performance Taste Sensor Made from
Langmuir−blodgett Films of Conducting Polymers and a Ruthenium Complex. Anal. Chem. 2003, 75, 953–955. [CrossRef]
[PubMed]

32. del Valle, M. Electronic Tongues Employing Electrochemical Sensors. Electroanalysis 2010, 22, 1539–1555. [CrossRef]
33. Di Natale, C.; Macagnano, A.; Davide, F.; D’Amico, A.; Legin, A.; Vlasov, Y.; Rudnitskaya, A.; Selezenev, B. Multicomponent

Analysis on Polluted Waters by Means of an Electronic Tongue. Sens. Actuators B Chem. 1997, 44, 423–428. [CrossRef]
34. Di Natale, C.; Paolesse, R.; Macagnano, A.; Mantini, A.; D’Amico, A.; Legin, A.; Lvova, L.; Rudnitskaya, A.; Vlasov, Y. Electronic

Nose and Electronic Tongue Integration for Improved Classification of Clinical and Food Samples. Sens. Actuators B Chem. 2000,
64, 15–21. [CrossRef]

35. Díaz-González, M.; Gutiérrez-Capitán, M.; Niu, P.; Baldi, A.; Jiménez-Jorquera, C.; Fernández-Sánchez, C. Electrochemical
Devices for the Detection of Priority Pollutants Listed in the EU Water Framework Directive. TrAC Trends Anal. Chem. 2016, 77,
186–202. [CrossRef]

36. Frader, J. Handbook of Modern Sensors Physics Designs and Applications, 5th ed.; Springer: Cham, Swizterland, 2016.
37. Abegão, L.M.G.; Ribeiro, J.H.F.; Ribeiro, P.A.; Raposo, M. Nano-Molar Deltamethrin Sensor Based on Electrical Impedance of

PAH/PAZO Layer-by-Layer Sensing Films. Sensors 2013, 13, 10167–10176. [CrossRef] [PubMed]
38. Magro, C.; Sardinha, M.; Ribeiro, P.A.; Raposo, M.; Sério, S. Magnetron Sputtering Thin Films as Tool to Detect Triclosan in Infant

Formula Powder: Electronic Tongue Approach. Coatings 2021, 11, 36. [CrossRef]
39. Crespilho, F.N.; Zucolotto, V.; Oliveira, O.N.; Nart, F.C. Electrochemistry of Layer-by-Layer Films: A Review. Int. J. Electrochem.

Sci. 2006, 1, 194–214. [CrossRef]
40. Rasmus, B.; Age, K.S. Principal Component Analysis. Anal. Methods 2014, 6, 2812–2831.
41. Jolliffe Ian, T. and Cadima Jorge. Principal Component Analysis: A Review and Recent Developments. R. Soc. 2016, 374, 2065.
42. Wold, S.; Esbensen, K.; Geladi, P. Principal Component Analysis. Chemom. Intell. Lab. Syst. 1987, 2, 37–52. [CrossRef]
43. Roy, C. Review of Discretization Error Estimators in Scientific Computing. In Proceedings of the 48th AIAA Aerospace Sciences

Meeting Including the New Horizons Forum and Aerospace Exposition, Orlando, FL, USA, 4–7 January 2012. [CrossRef]
44. Se, H.; Song, K.; Liu, H.; Zhang, W.; Wang, X.; Liu, J. A Dual Drift Compensation Framework Based on Subspace Learning and

Cross-Domain Adaptive Extreme Learning Machine for Gas Sensors. Knowl. Based Syst. 2023, 259, 110024. [CrossRef]
45. Se, H.; Song, K.; Sun, C.; Jiang, J.; Liu, H.; Wang, B.; Wang, X.; Zhang, W.; Liu, J. Online Drift Compensation Framework Based on

Active Learning for Gas Classification and Concentration Prediction. Sens. Actuators B Chem. 2024, 398, 134716. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.scitotenv.2017.11.211
https://www.ncbi.nlm.nih.gov/pubmed/29195208
https://doi.org/10.3390/nano11061556
https://doi.org/10.3390/s19245349
https://www.ncbi.nlm.nih.gov/pubmed/31817207
https://doi.org/10.1016/j.apsusc.2016.12.170
https://doi.org/10.3390/nano12111858
https://doi.org/10.1021/la011017d
https://doi.org/10.1088/0022-3727/20/10/010
https://doi.org/10.1016/j.snb.2019.01.023
https://doi.org/10.1016/S0956-5663(03)00069-1
https://doi.org/10.1016/S0379-6779(02)00107-8
https://doi.org/10.1021/ac026031p
https://www.ncbi.nlm.nih.gov/pubmed/12622390
https://doi.org/10.1002/elan.201000013
https://doi.org/10.1016/S0925-4005(97)00169-X
https://doi.org/10.1016/S0925-4005(99)00477-3
https://doi.org/10.1016/j.trac.2015.11.023
https://doi.org/10.3390/s130810167
https://www.ncbi.nlm.nih.gov/pubmed/23966185
https://doi.org/10.3390/coatings11030336
https://doi.org/10.1016/S1452-3981(23)17150-1
https://doi.org/10.1016/0169-7439(87)80084-9
https://doi.org/10.2514/6.2010-126
https://doi.org/10.1016/j.knosys.2022.110024
https://doi.org/10.1016/j.snb.2023.134716

	Introduction 
	Materials and Methods 
	Sensor Array 
	Estrogen Solutions 
	Impedance Measurements 
	Effect of the Electrode’s Area Immersed in the Sample Solutions 
	Data Treatment 

	Results 
	Effect of Repeated Measurements 
	Results with Individual Films 
	Initial PCA Results 
	Training with PCA 

	Conclusions 
	References

