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Abstract. This paper presents a mini-electronic tongue that used a polymeric sensor array made
from polypyrrole to discriminate between coffee samples of different geographical origin. The
electronic tongue consisted of a system with a voltammetric sensor array coupled to a multichannel
measuring device (multi-potentiostat) that was controlled by a multivariable data collection and
processing application. The samples analyzed comprised two types: a series of substances with
different chemical and taste properties and a group of samples of coffee of the Arabica variety
harvested from different geographical areas of Colombia. The electronic tongue demonstrated the
ability to discriminate between solutions with different gustatory properties. In the analysis of the
coffee samples, each sensor showed a particular voltammetric response to each of the samples
studied. A principal component analysis was undertaken, which resulted in clear discrimination
between each of the coffee samples. It was concluded that the portable electronic tongue equipped
with polymer sensors is able to discriminate between samples of coffee of different geographical
origin.
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1. Introduction

Coffee is undoubtedly one of the most popular drinks around the world, and for this
reason, it has been widely studied (Mahachandra et al., 2017; Iswanto et al., 2019; Haryuni
et al.,, 2019). Its commercialization occupies a very important place in the economies of
countries like Colombia, Brazil, and Vietnam, among others. In Colombia, several dozen
municipalities produce coffee; however, each producing area generates grains with
different organoleptic characteristics that differentiate them from each other and from the
varieties of coffee grown in other countries (Sanja et al.,, 2008; Athanassiou et al., 2016;
Mehari et al.,, 2016; Thorburn-Burns et al., 2017).

Accordingly, the concept of denomination of origin was generated, which guarantees
the quality and provenance of a product. In Colombia, there are more than 10
denominations of origin, and each offers a coffee with particular features and certain quality
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specifications. It is thus very important for this sector to be able to acquire technology that
will allow its members to quickly and easily differentiate between and classify their
products by denomination of origin. Several authors have attempted to discriminate
between, classify, and determine the authenticity of coffee varieties by analyzing the
chemical compounds present in the products using conventional analytical methods such
as chromatography or mass spectrophotometry (Sanja et al., 2008; Mehari et al., 2016).
However, more than a thousand different chemical compounds can exist in a single sample
of coffee. At present, sensorial analysis is the most commonly used method to analyze the
organoleptic qualities of a coffee and to determine its characteristics, among them, its
geographical origin and the conditions of the crop and harvest.

These sensorial methods aim to evaluate the sensations produced by a particular coffee
as a whole. Sensory analysis can be defined as the experimentation and analysis of the
global characteristics of a product through the senses; such features are known as
organoleptic characteristics. The senses of smell and taste are known as chemical
biosensors because they respond directly to stimuli produced by molecules that cause
nervous excitation. Thus, the olfactory and gustative systems serve as inspiration for the
development of devices seeking in some way to mimic their ability to classify and
discriminate between complex substances. These systems are known as electronic noses
and electronic tongues (Parra et al.,, 2006; Di Rosa et al., 2017).

Electronic tongues are used mainly to analyze substances in the liquid phase and have
been applied successfully to test numerous beverages (Parra et al.,, 2006; Chen et al., 2008;
Arrieta et al., 2010; Arrieta and Tarazona, 2014; Fuentes et al., 2017). An electronic tongue
device consists of three parts: a sensor array that is responsible for sensing analytical
samples, a multichannel electronic system, and a computer system equipped with
multivariate statistical analysis tools. Although electronic tongues have been used in
numerous applications, their use in the discrimination and classification of coffee has rarely
been reported (Buratti et al.,, 2014; Lopetcharat et al,, 2016). Indeed, to the best of our
knowledge, there are no studies in which coffee samples have been classified according to
their geographical origin using this new technology. Accordingly, this work explores the
potential of a voltammetric electronic tongue to discriminate between coffee samples with
organoleptic characteristics, which is important when validating the origin of these types
of products.

The aim of this work was to evaluate the application of a mini-electronic tongue to
discriminate between coffee samples from different geographic regions. The device
comprised a polymeric sensor array made from polypyrrole (PPy) modified with different
counterions, a multichannel electronic device based on programmable system-on-chip
(PSoC) technology coupled to a computer system with multivariable analysis tools.

2. Methods

All the reagents used in this study, namely, pyrrole, potassium hexacyanidoferrate II
(HCF), phosphotungstic acid (PA), sodium salt of dodecylbenzenesulfonate (DBS), sodium
salt of anthraquinone-1,5-disulfonic acid (AQDS), sodium salt of p-toluenesulfonate (pTS),
sulfonic acid (SF), lithium perchlorate (PC), citric acid, sucrose, vanillin, caffeine, and
sodium chloride, were of analytical grade.

All the samples and solutions were prepared using Milli-Q grade ultrapure water.
Coffee of the Arabica variety (Coffea arabica) from different geographic regions of Colombia
(Cauca, Risaralda, Cesar, Quindio, and Antioquia) were used as samples. The samples were
selected during the same harvest period and where similar cultivation processes had been
used to allow for the highest possible study reliability. Trademarks were therefore not used
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since, in most cases, they use grain mixtures. The coffee samples were prepared according
to NTC standard 3566 (preparation of samples for use in sensory analysis). In practice, this
meant that 7 g of each sample was weighed and prepared in 100 mL of water preheated to
boiling point. The infusion was allowed to decant for 5 min, then the residues were removed
from the beverage surface and allowed to cool to room temperature.

A cyclic voltammetry technique was applied for the sensing of the coffee samples. This
technique requires three types of electrodes: an auxiliary electrode (platinum), a reference
electrode (Ag/AgCl), and working electrodes. In this case, 7 working electrodes (sensor
array) were used.

The working electrodes consisted of platinum electrodes, which were modified by
chronoamperometric electrodeposition (at 0.8 V) of PPy doped with 7 different
counterions— HCF, PA, DBS, AQDS, pTS, SF, PC—allowing one for each sensor. Thereby, a
sensor array with different properties was obtained in order to enrich the amount of
information registered in each measurement. The details of the preparation of the sensor
array are presented in Table 1.

The electronic tongue equipment used was developed in our laboratory and is shown
in a scheme in Figure 1. The multichannel system was based on a potentiostat circuit. The
equipment was developed using PSoC technology, which allowed the majority of the analog
and digital blocks necessary for the electronic tongue to be configured within the same chip.
The FREESOC card, which contained a PSoC5 LP chip, was programmed using the software
PSoC Creator. The control functions involved the cyclic voltammetry and Bluetooth
communication with the computer system, both of which were developed using PSoC
Creator. Details regarding the development of the device have been published previously
(Arrieta and Fuentes, 2016).
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Figure 1 Scheme of the electronic tongue system

The coffee samples were measured using an electronic device developed in our
laboratory. Before performing the measurements, the sensors of the polymeric sensor array
were extracted from the synthesis solution and carefully washed. The data processing was
done using Statistica software version 7. A principal component analysis was carried out to
evaluate the discrimination capability of the electronic tongue device.
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3. Results and Discussion

To test the correct operation of the electronic tongue prototype, the cyclic voltammetry
technique was applied in a ferrocene 0.1 M solution using a commercial
potentiostat/galvanostat PAR 273A. Similar experiments have been performed using the
device (multi-potentiostat) developed in our laboratory. The applied potential range was
-1 to -0.5 V over a period of 8s. Cyclic voltammetry was carried out with some of the
samples using carbon working electrodes. Fifteen cycles of potential ramp in the
electrochemical cell were applied in order to ensure the stability of the sensor response and
the device operation. The voltammetric signals recorded by both devices were very similar,
which showed that the multichannel system (multi-potentiostat) based on PSoC technology
could be used for signal acquisition and in the processing stage in an electronic tongue
device. The preparation conditions and counterions of the sensor array are presented in
Table 1. These have been tested previously and offer stable sensors with well-defined
signals (Arrieta and Tarazona, 2014).

Table 1 Polymerization conditions of the polypyrrole sensor array

Concentration (M) Polymerization

Ppy/counterions Ppy/counterion time (s)
PPy/HCF 0.2/0.05 25
PPy/PA 0.2/0.1 50
PPy/DBS 0.2/0.1 50
PPy/AQDS 0.2/0.1 50
PPy/pTS 0.2/0.1 50
PPy/SF 0.2/0.05 25
PPy/PC 0.2/0.1 30

Determining the ability of the sensor array to discriminate between substances
required preliminary testing with several simple chemical substances that had different
chemical and taste properties. This is a common approach in sensor array testing (Arrieta
etal., 2004; Dias et al., 2009). Thus, to evaluate the discrimination capabilities of the sensor
array, the device was tested using five simple substances related to the basic flavors
associated with coffee: saltiness/NaCl (0.1 M), sweetness/sucrose (0.1 M),
bitterness/caffeine (0.1 M), sourness/citric acid (0.1 M), and bitterness/vanillin (0.1 M).
Seven replicas of each measure were made. In terms of the voltammetric responses, a rich
variety of sensor responses were observed because of the use of different electroactive
materials resulting from the change in doping agent inside the Ppy sensors. Accordingly,
each sensor produced a particular response to each basic taste property, thus providing a
degree of cross-selectivity. Figure 2 shows the response of the PPy/AQDS sensor as an
example of the responses of the sensors to the substances with different taste properties.
Clearly differentiated responses can be observed for the solutions of citric acid, sucrose,
and NaCl. Thus, the different registered voltammetric signals showed that each PPy sensor
had demonstrated a particular response or “fingerprint” to a type of chemical substance
with a specific taste property and had generated a signal based on the information received
from the analyzed substance.

The information obtained from the voltammetric measurements was organized in a
matrix and analyzed using a multivariate statistical method. The data were processed
without previous pre-treatment using a principal component analysis method. Figure 3
shows the results obtained from the principal components analysis. It is evident that the
substances with basic flavors were perfectly differentiated. The three components
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summarized 90.8% of the information: the first component (PC 1) with 56.7% of the
information, the second component (PC 2) with 21.1%, and the third component (PC 3)
with 13.0%. The spatial distribution shows that the 7 measurements in each substance
formed clusters, and each cluster represented a different substance that was perfectly
differentiated from the others: the NaCl/saltiness (a), citric acid/sourness (d), and
sucrose/sweetness (e) clusters are located in the negative quadrant of the first component
in Figure 3, and the caffeine (b) and vanillin (c) clusters that corresponded to the bitterness
substances are found in the positive quadrant of the first component. This indicates an
excellent discrimination capacity for these types of simple substances with their different
chemical and taste characteristics.
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Figure 2 Voltammetric signals from PPy/AQDS obtained from: (a) citric acid (sourness); (b) sucrose
(sweetness); and (c) NaCl (saltiness)
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Figure 3 Plot of the principal component analysis obtained using the signal matrix of the simple
substances with basic taste properties: (a) NaCl (saltiness); (b) caffeine (bitterness); (c) vanillin
(bitterness); (d) citric acid (sourness); and (e) sucrose (sweetness)

Although the PPy sensor array had been tested previously to discriminate between
coffee samples from different commercial brands (Arrieta and Tarazona, 2014),
discriminating between samples from different geographic locations is more complex due
to the high similarity of the characteristics of the samples; they tend to be coincident in
terms of grain variety, toasting, vintage, and preparation processes. In this study, once the
ability of the device to discriminate between simple substances had been demonstrated,
measures were taken of samples of coffee from different geographic regions in order to test
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the discrimination capacity of the device in a substance as complex as coffee, which has
more than 1000 chemical compounds.

Figure 4 shows the results obtained from the principal component analysis using the
signal matrix and represents the five coffee samples from the different geographic regions
of Colombia (i.e., Cauca, Risaralda, Cesar, Quindio and Antioquia). As can be seen, the
polymeric sensor array was able to discriminate perfectly between the five coffee samples.
The three principal components represented reflect a variance of 87.71%. The first
component collected the mostinformation at 41.01%. The second component also collected
a significant amount of information at 26.92%, while the third component collected
19.78%.
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Figure 4 Principal component analysis results obtained using the signal matrix of five coffee
samples from the geographic regions of: (a) Quindio; (b) Risaralda; (c) Caldas; (d) Antioquia; and
(e) Cesar

The geometric distribution of the samples in the main component graph was somewhat
related to the distribution of the geographic areas of the samples. For example, in Figure 5,
the sample corresponding to Cesar is located a distance from the group of the other four
samples (Quindio, Risaralda, Caldas, and Antioquia), which corresponds to the nearest and
similar areas in terms of their geographical features. This may be because, with an average
altitude of 50 m, the Cesar region is agroclimatically different from the other coffee-
producing regions in this study. On the other hand, it is important to note that the samples
from Quindio and Risaralda are closer to each other on the graph. This may be because the
two regions share many similarities in terms of weather conditions, temperature, soil type,
and altitude (1458 m and 1516 m, respectively), which gives them similar humidity. It was
therefore expected that the samples from these two regions would be more similar to each
other than to the other regions. The samples from Caldas and Antioquia also showed a
certain closeness, which may be attributed to similarities in their agroclimatic conditions.
The map in Figure 5 clearly shows the areas of origin of the samples and their geographical
distribution. This result confirms that the electronic tongue sensor array was able to
register sufficient information in its signals to discriminate between coffee samples of the
same variety that were processed in similar ways and whose main difference was their
geographical location (i.e., origin denomination).
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Figure 5 Map of the geographic regions of the coffee samples under study: (a) Quindio; (b)
Risaralda; (c) Caldas; (d) Antioquia; and (e) Cesar

4. Conclusions

In this study, an electronic tongue device with PSoC technology that was integrated
with a polymeric sensor array with PPy modified using different counterions was shown to
be capable of discriminating between simple substances with distinct chemistry and
gustatory properties: NaCl (saltiness), sucrose (sweetness), caffeine (bitterness), citric acid
(sourness), and vanillin (bitterness). Each sensor presented a different signal for each
analyzed sample, demonstrating cross-selectivity, and this allowed the sensor to generate
a fingerprint of the sample. This information was then extracted through principal
component analysis, enabling the sensor to discriminate between each substance. The mini-
electronic tongue device was able to discriminate between samples of coffee harvested
from different geographical areas (although the samples were of the same varieties and
processed similarly). In this study, it was concluded that the information provided by the
sensor array could collect and supply sufficient information to discriminate between the
coffee samples from different origin denominations. Additionally, the results showed that
this discrimination was related to the geographical similarities of the areas of origin of the
samples. This type of study opens the possibility of applying the electronic tongue not only
in the coffee sector, but also for use with other products where the designations of origin
are synonymous with quality and have a significant impact on the price of, and market for,
the products.
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ADDITIONAL INFORMATION
Structure of the chemical compounds used in the work
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