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Abstract: Sensors are considered the future monitoring tools since compared to traditional sampling
and analysis techniques, they provide fast response on the output data in a timely, continuous, safe,
and cost-effective fashion. The antibiotics are important pharmaceuticals with a large variety of ap-
plications. However, the over-consumption of these drugs is under the spotlight, since traces of
antibiotics are being found in aquatic ecosystems and may lead to the development of antibiotic
resistance. Thus, in this work, sensors consisting of ceramic or glass BK7 solid supports with inter-
digitated gold electrodes coated with 5 bilayers of polyethyleneimine (PEI) and poly(sodium 4-sty-
renesulfonate) (PSS) thin films were developed and able to distinguish clarithromycin concentra-
tions, between 10> M and 10°° M, in mineral and surface water matrices. In the mineral water, the
ceramic support sensors have shown high reproducibility, whereas glass support sensors are not
reproducible for this matrix. For the surface water matrix, both types of sensors proved to be repro-
ducible. The surface water’s principal component analysis, obtained for an electronic tongue com-
posed of the aforementioned sensors, demonstrated the concept’s ability to discriminate between
different concentrations of the target compound, although no significant pattern of trend was
achieved.

Keywords: environmental monitoring; antibiotics; clarithromycin; electronic tongue; impedance
spectroscopy

1. Introduction

Antibiotic consumption has grown substantially since their discovery and represents
an important class of pharmaceuticals employed for treating bacterial infections by killing
bacteria or preventing it from spreading. Antimicrobial drugs are widely utilized in hu-
man and veterinary medicine, as well as in agriculture [1]. Although these chemicals al-
low us to live longer and have healthier lives, their over-consumption poses a great threat,
mainly regarding the development of antibiotic resistance [2].

Clarithromycin is a macrolide, a class of antibiotic drugs produced by multiple strep-
tomyces strains, mostly effective against gram-positive bacteria [3]. It is paramount to un-
derstand the occurrence and fate of macrolides in the environment since traces of these
drugs are frequently detected in surface and ground waters. Accordingly, the European
Commission included clarithromycin, together with other macrolides, in the 2nd Watch
List of Emerging Water Pollutants. This surface water Watch List was developed with the
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purpose of obtaining high-quality monitoring data regarding several potential water pol-
lutants to establish their environmental and health risks, therefore emphasizing the im-
portance of developing efficient techniques to detect and quantify such pollutants.

Analytical methods based on liquid chromatography (LC) and mass spectrometry
(MS) provide low detection limits, but require intensive sample preparation, expensive
equipment, experienced operators, and are not designed for in situ analysis [4,5]. The sen-
sors are considered the future of monitoring tools and present many advantages com-
pared to traditional techniques [6]. Sensor devices are low cost, simple to operate and can
be used for continuous, fast and reliable in situ monitoring [7-9]. Even, sensors are not as
selective as LC/MS methods, they have proved to be able to identify multiple analytes
simultaneously [6].

The electronic tongue (e-tongue) refers to a device that consists of an array of non-
specific chemical and/or physical sensors that display cross-sensitivity to target com-
pounds in a liquid matrix [10]. E-tongue devices may rely on potentiometry, voltammetry
or impedance spectroscopy as transducing methods [11].

The present work aims to explore the potential of the e-tongue concept to monitor
different clarithromycin concentrations, relying on the discussion of the reproducibility
of an array of sensors coated with PEI/PSS thin films in two different environmental aque-
ous matrices: mineral and surface water.

2. Materials and Methods

Clarithromycin (Sigma-Aldrich, Steinheim, Germany) solutions with concentrations
between 10> M and 105 M were prepared by sequential dilutions of a mother solution
with a concentration of 10+ M. All dilutions, as well as the mother solution, were prepared
with experimental matrix/MeOH (9:1) solutions. The experimental matrices utilized to
prepare the solutions were a commercial Portuguese mineral water (MW) and a surface
water (SW) collected from Tagus River at Porto Brandao, Caparica, Portugal. Lastly, solu-
tions without clarithromycin, containing only experimental matrix/MeOH (9:1), were pre-
pared for the MW and SW matrices to be used as the blank standard (0 M).

The sensors used in this work consist of interdigitated gold electrodes (IDE) depos-
ited on ceramic and glass BK7 solid supports purchased from DropSens (Oviedo, Astu-
rias, Spain). The dimensions of the ceramic support are 22.8 mm x 7.6 mm x 1 mm, the
width of each “finger” and the spacing between “fingers” are both 200 pm. The glass sup-
ports” dimensions are 22.8 mm x 7.6 mm x 0.7 mm and the width of each “finger”, like the
spacing between “fingers”, is 10 pm. The sensor devices were coated with thin films of
polyethyleneimine (PEI) and poly(sodium 4-styrenesulfonate) (PSS) produced by the
layer-by-layer (LbL) technique [12].The substrates were alternately immersed in posi-
tively and negatively charged polyelectrolyte solutions with concentrations of 102 M for
30 s. After the adsorption of each layer, the substrates were immersed in water in order to
remove any polyelectrolyte molecules that were not completely adsorbed. At the end of
the deposition of each bilayer, the substrates were dried with nitrogen gas stream (99%
purity, Air Liquide, Algés, Portugal). The thin films of PEI/PSS were prepared with 5 bi-
layers, (PEI/PSS)s.

The electrical analysis was achieved by impedance spectroscopy measurements of
the sensor devices when immersed in aqueous matrices spiked with different clarithro-
mycin concentrations. The impedance spectra were obtained with a Solartron 1260 Im-
pedance Analyzer (Solartron Analytical, AMETEK scientific instruments, Berwyn, PA,
USA) in the frequency range of 1 Hz to 1 MHz by applying an alternate voltage with an
amplitude of 25 mV.

The principal component analysis (PCA) was performed, regarding the normalized
value — pu

(Z-Score normalization ,being p and 9, the mean value and the standard devia-

tion of the samples, respectively) impedance spectroscopy data, to reduce the size of data
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and to obtain a new space of orthogonal components, in order to detect and explain dif-
ferent concentration patterns. The clarithromycin detection in the target matrices was fur-
ther evaluated by an array of sensors, composed by all produced thin films, using the e-
tongue concept.

3. Results and Discussion
3.1. Sensor Reproducibility

To draw conclusions on the reproducibility of the (PEI/PSS)s sensors, each solution
of clarithromycin was analyzed with two identical sensors produced under the same con-
ditions. The average of the two sensors’ data was calculated as a function of the frequency
for each matrix and type of sensor (glass or ceramic support). The standard deviation was
used as a measure of the uncertainty. In Figure 1 is depicted the average of the impedance
magnitude measured by (a) 2 ceramic support and (b) 2 glass support sensors when im-
mersed in the MW matrix. Figure 1(a) reveals that the ceramic support sensors coated with
(PEI/PSS)s are reproducible when monitoring clarithromycin in MW, since the values of
the standard deviation are small (two orders of magnitude smaller than the average),
meaning that the results of both sensors are similar. Furthermore, Figure 1(b) shows that
there is a significant discrepancy between the measurements of the two glass support sen-
sors, which results in larger standard deviation values. These results can be explained
since the spacing between the IDE “fingers” is smaller in the glass support sensors and
thus the electric field generated between them, when an AC voltage signal is applied, has
alarger magnitude. Additionally, the MW matrix has a lower conductivity, containing ion
species in lower concentrations, affecting, therefore, the interactions between the matrix
and the sensor. Consequently, at lower frequency values (< 10 Hz), measurements of the
glass sensors immersed in MW are compromised (see Figure 1 (b), region highlighted by
a red dashed rectangle).
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Figure 1. Reproducibility of the impedance magnitude measured by (a) 2 ceramic support and (b) 2 glass support sensors

in a MW matrix.

Regarding the analysis of clarithromycin solutions prepared with SW, Figure 2(a)
and Figure 2(b) show the average of the capacitance measured by 2 ceramic support sen-
sors and 2 glass support sensors, respectively.
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Figure 2. Reproducibility of the capacitance measured by (a) 2 ceramic support and (b) 2 glass support sensors in a SW

matrix.
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Figure 2(a) reveals that there is not a considerable difference between the results of
both ceramic sensors. As stated before, this conclusion can be drawn from the low values
of the standard deviation (10-1°-10% F). Figure 2(b) provides similar conclusions, thus both
types of sensors show good reproducibility when monitoring SW matrices. However, for
the SW matrix, the glass support sensors coated with (PEI/PSS)s thin films present a more
noticeable sensitivity to discriminate clarithromycin concentrations in the frequency
range of 1-100 Hz.

On the other hand, the sensors with a ceramic support showed superior reproduci-
bility for both experimental matrices. Furthermore, the ceramic sensors produced more
reliable results in the frequency region of 1-100 Hz for MW. For SW, both types of sensors
achived better reproducibility in the measurements from 1 Hz to 100 Hz.

3.2. Principal Component Analysis: e-tongue

The results of the principal component analysis applied to the e-tongue concept will
be presented and discussed only for SW. The e-tongue concept was not applied for MW
since the glass support sensors were not reproducible as evidenced by the analysis of the
impedance electrical characterization (Figure 1b). Thus, Figure 3 displays the PCA plots
obtained for an array of sensors composed of 2 ceramic support sensors, for MW (Figure
3 a), and 2 ceramic support sensors combined with 2 glass support sensors for SW (Figure
3 b). In both target matrices, the array of sensors was coated with (PEI/PSS)s thin films.
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Figure 3. PCA plots for clarithromycin concentrations (0-10-° M) discriminated by an e-tongue for (a) MW and (b) SW.
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In Figure 3 (a) the first two principal components account for 91.68% of the total var-
iance. The PCA plot reveals that the ceramic support sensors provide the ability to dis-
criminate between different clarithromycin concentrations and the blank solution. It can
be also observed a pattern in the concentration decay, with 10-1®* M as outlier. Figure 3(b)
shows the PCA plot for an array of sensors identical to the one discussed above but im-
mersed in SW solutions. In this case, the first two principal components accounted for
79.07% of the total variance. The plot reveals that the e-tongue concept provides the ability
to discriminate between non-doped and doped SW solutions. Additionally, the sensors
were able to distinguish the different clarithromycin concentrations.

4. Conclusions

Sensors composed of ceramic or glass BK7 solid supports, with interdigitated gold
electrodes, were coated with 5 bilayers of PEI/PSS thin films produced by the LbL tech-
nique. An electronic tongue consisting of an array of these sensors was shown to provide
the ability to distinguish between clarithromycin concentrations in the range of 10> M to
10 M in surface water.

The electrical analysis of the samples was performed with impedance spectroscopy
by immersing the sensors in the water samples with different clarithromycin concentra-
tions. An average of the measurements obtained with two identical sensors and the asso-
ciated standard deviation were used to study the reproducibility of the sensors. In the
MW matrix, the ceramic sensors showed reproducibility. The opposite can be said for the
glass support sensors, which for lower frequencies struggle to identify the target com-
pound. In the SW matrix, both types of sensors, ceramic, or glass support, were proven to
be highly reproducible.

Results of the principal component analysis of the impedance data did not show clear
pattern or trend but was able to distinguish between doped and non-doped solution, both
for MW and SW matrices. To achieve better results, the e-tongue concept requires a wider
variety of thin films deposited on the sensors, as, for example, metal oxides or carbon
based thin films.
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