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A B S T R A C T

An impedance based electronic tongue was developed and used to discriminate honey of different botanic origin.
The e-tongue presented here is based on the small-signal frequency response of the electrical double-layer es-
tablished between the honey solution and an array of four different sensing units composed by gold, carbon,
indium-tin-oxide, and doped silicon. The ability of the e-tongue to discriminate honey of different floral origins
was demonstrated by distinguishing honey from Bupleurum and Lavandula pollen prevalence. The honey fin-
gerprint obtained with the e-tongue was validated by parallel melissopalenogical analysis and physico-chemical
methods. It is demonstrated that the e-tongue is very sensitive to changes on the honey electrical conductivity.
Small differences in electrical conductivity are introduced by the presence of ionisable organic acids and mineral
salts. Moreover, we propose that the sensitivity of the tongue to changes in electrical conductivity can be ex-
plored to probe other complex liquid substances.

1. Introduction

Electronic tongue (e-tongue) technology is gaining attention from
the scientific community as a method that can be applied in various
fields, mainly to evaluate quality and authenticity of food products
[1–5]. Over the last few years there have been extensive examples of
sensitive, fast responding e-tongues for the classification and a certifi-
cation of several types of beverages [3,6], olive oil [7], honey and
coffee [8,9] and pollutants in water [3,4,10]. Detection of adulteration
and counterfeiting of products is also being reported [4,11–15].

The e-tongue instrumentation is formed by an array of sensing units
that can be composed by lipid membranes, ion-selective electrodes,
conducting polymers or noble metals [3,16,17]. Because the identifi-
cation of samples is most of the time a classification task, there has been
a trend to use artificial intelligence and information visualization
methods to enhance the performance of e-tongues [18]. Recent ad-
vances of e-tongues can be found in several reviews [4,16,17,19,20].

Several measuring methodologies can be used to address the sensing
elements in e-tongue system. The most-used employed are electro-
chemical measurements, namely, potentiometry, amperometry and
cyclic voltammetry. In 2002 Riul et al. [21] introduced the use of small-
signal impedance measurements in electronic tongues. Low-signal im-
pedance measurements offer the advantage of using materials com-
posing the sensing units do not need to be electroactive and there is no
need of a reference electrode. Impedance based e-tongues or impedi-
metric tongues are based on measuring the small-signal impedance of
the electrical double-layer (EDL) or Helmholtz layer established at the
electrode/electrolyte interface over a frequency range [22,23].

Honey is an attractive substance to be evaluated by e-tongues. The
honey floral origin has a strong impact on the commercial value, thus
the floral determination and certification play an important role in
quality control. European legislation specifies that the commercializa-
tion of honey must made reference to the origin, whether blossom or
plant (Codex Alimentarius Commission, 1970; Council Directive 74/
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409/EEC, 1974). Honey floral origin and honey adulteration are diffi-
cult to detect without performing laboratory analysis. Until now the
most reliable method that can confirm honey botanic origin is known as
melissopalynogical analysis. This method basically counts the pollen
species present in the honey. This is an expensive laboratorial analysis
that requires trained people with scientific knowledge for visual iden-
tification of pollen species [24]. This method tends to be viewed as a
reference tool in scientific research rather than the method of identi-
fying the types of honey as merchandise. Other alternative methods for
honey botanic origin characterization involve: the determination of the
volatile fraction by gas chromatography–mass spectrometry [25,26],
mineral content [27], physicochemical parameters such as analysis of
phenolic compounds [28,29], or phenolic profiling using liquid chro-
matography-tandem mass spectrometry [30–34]. These methods re-
quire rigorous sample preparation and expensive instrumentation. Be-
cause of this, the European Community is encouraging the development
of harmonized analytical methods to verify the compliance with the
quality specifications for different types of honeys. An e-tongue fulfils
the requirements of a fast, inexpensive and a reliable tool to confirm
that a particular sample belongs to a specific floral origin. It can be
implemented in a portable hand instrument used in the field. Further-
more an e-tongue will be an important asset to help the commerciali-
zation chain, to screen for counterfeiting and adulteration of honey.

Several studies reported the use of e-tongues to characterize honey.
Wei et al. [35] used a commercial available potentiometric e-tongue (a-
Astree from Alpha MOS company, France), to classify honey of different
floral and geographical origins. In other study the same group reported
the use of a voltammetry electronic tongue to classify monofloral
honeys of seven kinds of floral origins [36]. Dias et al. [37] reported on
the use of an array with 20 all-solid-state potentiometric electrodes
with polymeric membranes, to discriminate commercial honeys with
different pollen profiles. A potentiometric e-tongue was also used as a
tool to distinguish honey in three different states: raw, liquefied and
pasteurize [38].

In addition to the use of e-tongues some authors use a combination
of different measuring methods to probe honey. Chirantan et al. [39]
used impedance spectroscopy complemented with optical methods as a
tool for quantification of adulteration in different floral species of
honey. Ulloa et al. [23] compared the performance of optical mea-
surements with an electronic tongue and a study by Graziella et al. [22]
demonstrated that impedance spectroscopy alone, also can be used to
determine honey floral origin.

Despite the success of numerous studies on the use of e-tongues to
probe honey, none of the above studies provides clear insight into the
electrochemistry behind the ability of the tongues to discriminate the
floral origin of honey samples.

It is also important to note, that although, the reported e-tongues
use different measuring methods it is evident that all reported tongues
share a common detecting mechanism. This mechanism relies on the
establishment of an EDL or Helmholtz layer at the interface between a
sensing electrode and the honey solution. The Helmholtz layer is the
critical sensing layer in all the e-tongues reported for honey. Minute
perturbations in this interfacial polarized layer can be probed by
measuring the potential at the electrode (potentiometric measure-
ments), by using voltage ramps (voltammetry) or by using small al-
ternate signals (impedance spectroscopy).

This paper starts by presenting the individual characterization of the
sensor units forming the electronic tongue. The stability and reprodu-
cibility of each sensing electrode is presented in detail. The ability of
each electrode to discriminate different samples is then presented.
While some materials such as gold, perform well, others such as doped
n-type silicon have a low ability to discriminate the floral origin of
honey samples. The e-tongue fingerprint was confirmed and validated
by mellissopalenogical analysis in combination with standardized
physico-chemical characterization involving the sugar content, the
electrical conductivity, and the light absorbance. Finally, the discussion

section highlights the major advantages of implementing a portable e-
tongue instrument.

2. Material and methods

2.1. Honey samples

Eighteen samples of Bupleurum floral origin from Morocco were
purchased in the summer of 2015 directly from beekeepers and from
Taza and Fez beekeeper associations. This honey type was described for
the first time by Elamine et al. [40] Thirty one honey samples with
lavender floral origin were purchased from beekeepers from different
regions in Portugal. The samples were stored in glass containers and
kept under dark ambient conditions.

Electrical conductivity, moisture content, color, glucose and fruc-
tose contents were determined according to the procedures described in
literature [41]. The quantitative analysis of pollen spectrum in honey
samples was performed according to the International Commission for
Bee Botany (ICBB), as previously described [24]. For the e-tongue
measurements, honey samples were diluted in Millipore water.

2.2. Experimental set-up and statistics

Fig. 1(a) shows a photograph of the e-tongue and Fig. 1(b) shows a
schematic diagram of the spatial arrangement of the sensing electrodes.
The plastic vessel has a capacity of 15ml. Measurements were carried
out using 10ml of a honey solution. Small-signal impedance measure-
ments were carried out by an impedance analyzer, a Fluke PM 6306.
Both the capacitance (CP) and resistance (RP) were individually mea-
sured as function of frequency between each sensing electrode and a
common counter electrode. The amplitude of the ac signal was 50mV.
Each honey sample is characterized by 8 impedance spectra. Each
spectra measures 49 different frequencies from 60Hz up to 1MHz. A
honey sample is then characterized by a total of 392 experimental data
points. Principal Component Analysis (PCA) [42] was used to process
the impedance data.

The e-tongue was formed by a set of four distinct sensing electrodes
made of conducting materials. As conducting materials, we use (i)
thermal evaporated thin film of gold on a glass slide, (ii) a carbon film,
(iii) a glass slide coated with an Indium-Tin-Oxide (ITO) layer and (iv) a
highly doped n-type silicon wafer (n+-Si). A platinum grid was used as
a common electrode. The carbon thin film electrodes are screen-printed
on top of Valox and they are manufactured by Gwent Group Ltd (ref:
BE2150327D2/001).

ANOVA statistical test was used for comparing the means of the
used parameters and for the estimation of the significance level. The
difference is considered significant when p < 0.05.

The PCA analysis and dendograms were carried out using Matlab
scripts.

3. Results and discussion

The sensing mechanism of an impedimetric tongue relies on mea-
suring the impedance of the electrical double-layer (EDL) established at
the electrode/honey solution interface. It is then important to demon-
strate that our frequency observation window (60 Hz to 1MHz) probes
the EDL impedance and not only the honey bulk solution.

Fig. 2(a) shows for the gold/honey solution/platinum electrode in-
terface the frequency dependence of the capacitance (CP) and the loss
(GP=1/(ωRP) where ω is the angular frequency. Fig. 2(b) shows the
same impedance data but now represented as loss tangent (tan δ),
which is given by tan δ=GP/(CP). The tan δ curve shows a Maxwell-
Wagner relaxation at approximately 30 kHz. A Maxwell-Wagner re-
laxation is expected when the system being measured behaves as two
different layers in series. From a physical point of view, the two layers
in series are formed by the EDL in series with the bulk electrolyte layer.
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These two layers have very different impedances. The EDL has a sig-
nificant higher capacitance. As the frequency increases, there is a
transition from the high capacitive layer (interface) to the lower ca-
pacitive layer (bulk electrolyte). The relaxation is known as Maxwell-
Wagner relaxation and gives rise to a peak in tan δ curve as function of
the frequency as shown in Fig. 2(b).

The above discussion can be proper understood with the help of
equivalent circuits. From an electrical point of view, an EDL behaves as
a capacitor. Therefore, the electrode in contact with the honey solution
is modelled as a capacitor in parallel with a resistor. Since the elec-
trodes are made of different materials, two different EDLs layers are
established, one at the sensing and other at the counter electrode

Fig. 1. (a) Photograph of an e-tongue, (b) schematic of the e-tongue showing the spatial distribution of the electrodes and electrical connections. Gold, ITO and n+-
silicon electrodes have an individual active area of 1 cm2. The carbon electrode has an area of 0.39 cm2.

Fig. 2. Frequency dependence of the gold/honey/platinum impedance. (a) Frequency dependence of the capacitance (CP) and loss= 1/(ωRP). (b) Frequency de-
pendence of the tan δ (c) Equivalent circuit description of the electrodes immersed into the honey solution.
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(platinum) as shown in Fig. 2(c) (circuit E1). Comparatively to the bulk
electrolyte layer the two EDLs have higher impedance. Although, the
two EDLs are different, for the sake of simplicity, the layers can be
combined in a single equivalent circuit (circuit E2). The circuit E2
combines two EDLs layers by a CD in parallel with RD. The interfacial
capacitance CD models the extent to which the electrode is polarizable,
and RD takes into account the presence of Faradic currents. Faradic
currents result from oxidation/reduction reactions occurring at the
electrode/electrolyte interface. These reactions cause the transduction
of charge carriers from electrons in the metal electrode to ions in the
electrolyte. As it will be shown later the low frequency value for RD is
very high and the amplitude of the testing signals is only 50mV.
Therefore, Faradic currents are very small and can be neglected. The
parallel network (RD//CD) of the double-layer appears in series with a
honey solution resistance (RB) and capacitance (CB). The equivalent
circuit described above and schematically represented in Fig. 2(c) cir-
cuit (E2) allows us to understand the frequency response of the elec-
trode/honey interface.

Because the distance (d) between sensing and counter electrode is
relatively large (d=5mm) CB is very small and can be neglected. The
overall system can then be described the equivalent circuit E3 on
Fig. 2(c). The circuit E3 is a reduction of the more complex model. In
reality the interfacial capacitance is not a pure electrical capacitance.
The capacitive element CD is more accurately described as a Constant
Phase Element (CPE) [43]. A complete equivalent model of the elec-
trode/electrolyte interface should include the so-called "Warburg" dif-
fusion element. A popular example is the Randles circuit [44]. The
Randles circuit can simulate the low frequency dispersion on the im-
pedance. However, the impact of the diffusion or constant phase

elements on the data analysis carried out here is relatively small. For
the sake of simplicity these elements are not included in the circuit
model of Fig. 2. The circuit E3 represents the overall equivalent parallel
resistance (RP) and capacitance (CP) measured externally using an im-
pedance analyser or by a RCL meter.

The equivalent admittance YT of the series-parallel network is given
by

= +Y
R
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This circuit exhibits dispersion in capacitance centered around a
relaxation frequency, fr, given by

=
+

+

f R R
π C C

1/ 1/
2 ( )r

B D

B D (4)

Which for RD> > RB reduces to

=

+

f
πR C C

1
2 ( )r

B B D (5)

The resistance RB controls fr. This frequency depends on the elec-
trolyte conductivity but also on the separation between electrodes and

Fig. 3. E-tongue electrical stability and reproducibility. (a) Time dependence of the capacitance for all the sensing electrodes measured at 100 Hz. (b) the repeat-
ability assay for all the sensors. Results are expressed as tan δ±standard deviation. (c) CP dependence on the honey dilution factor.
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sensing area. According to Fig. 2(b) the relaxation frequency is higher
than 10 kHz. Therefore, it is demonstrated that the e-tongue is proper
designed to record the Maxwell-Wagner relaxation and also to probe
the impedance of the sensing electrode/honey interface, which dom-
inates the impedance for frequencies lower than fr.

Prior to use as an e-tongue instrument, the reproducibility and re-
peatability of the impedance of each electrode was evaluated. In order
to inspect for impedance drifts as function of time, measurements were
performed for periods as long as 6 h. This time is significant longer that
the time required to perform a full impedance characterization of a
honey solution, which is less than 1min. Fig. 3(a) shows that for all
electrodes the capacitance remains constant for a six hours long period.
To inspect for reproducibility, 10 measurements were carried out using
the same honey sample in a repeated fashion. Between measurements,
the tongue was washed with ultrapure water and dried. The error bars
in Fig. 3(b) show the impedance variations for each electrode. The data
is represented as tan δ. This impedance parameter is defined as CP/
(ωGP). The ITO sensor showed the lowest reproducibility with a stan-
dard deviation of 50.43 ± 11.83 (23.5%) in the peak of tan δ curve.
The gold electrode is the sensor with the highest reproducible beha-
viour with a standard deviation of 33.01 ± 0.37 (1.1%).

The optimization of the e-tongue requires also the optimization of
the honey dilution factor. 10 honey dilutions were prepared in ultra-
pure water, starting from 0.1% up to 50% of dilution. Fig. 3(c) shows
how the honey dilution affects the EDL capacitance measured at a test
frequency of 100 Hz. The capacitance rises as a power law of the di-
lution factor until it saturates at a dilution factor of approximately 40%.
A dilution factor of 50% (in the saturation plateau) in water was se-
lected to perform the impedance measurements.

In the following sections the e-tongue is used to characterize dif-
ferent samples of honey. The goal is to demonstrate the ability of the
tongue to discriminate honey of different floral origin. The character-
ization was performed using the frequency dependence of the im-
pedance. First the performance of each individual sensing electrode was
evaluated. Fig. 4 shows the PCA using the tan δ data as function of
frequency for each individual sensing electrode. In contrast to other e-
tongue methodologies in which each sensor provides only one single
value (potentiometry), impedance measurements provide an m*n ma-
trix for each sensor. Here m corresponds to the tan δ values at different
frequencies, and n to the number of honey samples. The number of
frequency points (49) is equal to the number of honey samples.

The black squares represent the Zandaz honey samples which have a
Bupleurum pollen prevalence. The filled blue circles represent the
samples of honey with lavender pollen prevalence. In addition, the plots
in Fig. 4 also shown 4 odd samples that although have been purchased
as lavender type (empty blue circles) or Zandaz honey type (empty
black squares) their melissopalynological analysis did not show a pre-
valence of corresponding pollen species. In spite of that, physico-
chemical methods confirm these odd samples indeed belong to their
floral origin. These samples remain in the border of their corresponding
cluster.

In addition to the experimental data extracted from the frequency
response of tan δ, Fig. 4 (a) also shows a distribution of how tan δ
values at specific frequencies correlate the obtained principal compo-
nents. The pink lines in Fig. 4 show this correlation. The projection of a
pink line end point on the XX axis is the relevance of tan δ value by the
first principal component (PC1). In other words, the higher is a co-
ordinate value on a given axis, more relevant is its relevance by the
corresponding principal component, and more important is its role in
discriminating honey samples. The signal frequency used to measure
tan δ is an implicit parameter represented by the arrow in Fig. 4. The
pattern created by the pink lines is different for each electrode and this
pattern reflects the ability of each electrode to discriminate different
varieties of honey.

Two distinct clusters of data distribute along two well-separated
curves, the blue circles follow a curve starting near the axis of the PC1

and bending upwards into the second quadrant (Fig. 4(a)). These data
points correspond to the lavender honey samples with normal electrical
conductivity. Honey from Zandaz is represented by the black squares.
The sample distribution also follows a curve starting near the origin but
extending into the first quadrant. The two curves almost mix with each
other over a small region, represented by the blue shadow area. Zandaz
honey samples have a high tan δ value at high frequencies, which ex-
plain their location in the positive part of the PC1.

Fig. 4(b) shows the PCA analysis of the tan δ data for the doped
silicon (n+-Si) sensor. This sensor has the lowest interfacial capacitance
(0.02μF at 100 Hz). The first component (PC1) explained 77% and PC2
10% of the given data. In contrast, to the gold sensor, the n+-Si sensor
shows sparsely distributed data points in all the quadrants of the PCA
plot. This is particular visible for the samples with lavender floral
origin. The cluster from Zandaz honey samples aggregates into a
narrow region located in the fourth quadrant. The shadow blue region
includes the odd samples with lavender floral origin. Although, the n+-
Si sensor shows a broad distribution, particular for the honey with la-
vender origin, there is no mixing between the two clusters in the PCA
plot. Samples from Zandaz cluster into a narrow region in the fourth
quadrant of the PCA plot.

The performance of the Indium Tin Oxide (ITO) sensing electrode is
demonstrated in the plot (c) of Fig. 4. The two varieties of honey are
now organized into two well-separated clusters in distinct quadrants.
Honey with lavender floral origin is mostly located in the first quadrant
while the honey with Bupleurum pollen prevalence is clustering in the
second quadrant. The shadow blue regions show again the location of
the 4 odd samples with lavender origin. The odd samples are now
mixed into the Zandaz cluster.

Fig. 4(d) shows the ability of the carbon electrode to discriminate
the two types of honey. The honey samples are distributed into two
clusters resemble to the distribution provided by the ITO electrode,
however, in comparison with the ITO, the data points are more spread.
The ability of the carbon electrode to discriminate honey with different
origins is relatively poor. In a similar way as the ITO electrode the
carbon electrode wrongly classifies the 4 odd lavender floral origin as
samples with Bupleurum pollen prevalence.

In summary, the above analysis reveals that different electrodes
have different ability to discriminate honey with different floral origin.
The gold sensing electrode shows the highest ability to discriminate the
two varieties of honey. The gold electrode organizes the data into two
well-defined curves that diverge from the centre of the PCA plot into
opposite directions. Comparatively to the gold electrode the data ob-
tained by the ITO electrode is spread over the 4 quadrants but still
organized into two well-separated clusters. The carbon and the n+-Si
electrodes have the lowest ability to discriminate honey samples.

Since, the e-tongue has four sensing electrodes, we may use the
entire set of data from all the electrodes to construct PCA plots. Fig. 5(a)
shows the PCA plot constructed using the tan δ data from the 4 sensing
electrodes. The discrimination of the two types of honey is now re-
markably clear. The two varieties of honey distributed along two well-
defined lines in distinct quadrants.

Fig. 5(b) shows the PCA plot using the individual resistance (RP) and
the capacitance (CP) impedance parameters. Comparatively to the tan δ
data, the samples are still organized into two distinct clusters but spread
over the PCA plot.

In order to evaluate how the electronic tongue performs in respect
with other conventional physicochemical methods. The honey samples
were also characterized by, (i) light absorbance, (ii) water content, (iii)
glucose and fructose contents and (iv) by electrical conductivity mea-
surements. The higher is the honey conductivity the higher the mineral
content [17,26]. Light absorbance at several wavelengths was used to
quantify melanoidins, phenolic and flavonoid contents [28]. It is im-
portant to state that the use of physicochemical raw data does not
provide a good discrimination between honey samples and the data
must also be processed using PCA analysis. Fig. 5(c) shows a PCA biplot
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of honey samples using normalized physicochemical parameters men-
tioned above. The red lines show the relationship between the physico-
chemical parameters with the principal components. The PC1 and the
PC2 explained 60% and 17%, of the given data respectively, and cor-
related the electrical conductivity, the absorbance values in the first
case and glucose, fructose and water contents in the second case. Honey
samples with Bupleurum pollen prevalence (black squares) are dis-
criminated from samples with lavender floral origin (blue circles) by
the first component, correlating positively the electrical conductivity
and the absorbance values.

Glucose, fructose and water contents showed little effect in dis-
criminating the honey types (see Fig. 5(c)), but enable to distinguish
subgroups in each floral origin. Samples from both botanical origins
with similarity in terms of glucose content have tendency to occupy the
positive part of the second principal component, while those with
fructose abundance occupied the negative part. Samples located in the
red shadow region of the PCA plot have lavender floral origin. How-
ever, these samples are also characterized by an unusual high con-
ductivity and color intensity compared to the remaining lavender
samples. The PCA analysis classified them in a middle region between
the two botanical honey types.

Fig. 5(d) shows the PCA biplot of the data integrating both the in-
formation of the physicochemical characterization and the melissopa-
lenological analysis. The studied parameters/variables are shown in red
lines. Only the important ones are labelled by their names. The first two
components explained a sum of 98% of the given data, and correlated in
the first component electrical conductivity as a major parameter. The
second component correlated the major influencing pollen species,
mainly Lavandula and Bupleurum spinosum, and allowed the dis-
crimination between the samples of the different floral origins. The
integration of the information provided by both characterization tools,

makes the isolation of the odd lavender honey samples (samples in the
red shadow region) clearer.

Honey from a specific floral origin does not have 100% of pollen
from single specie but the overall composition has a percentage of other
pollen species. It is known that depending of the percentage and com-
position of these secondary pollen species is possible to divide the
honey into subgroups with different composition. These sub-groups
with a specific dominant floral origin area not revealed by the PCA
analysis. The identification of these subgroups is done by hierarchical
clustering. A cluster tree known as dendrogram is used to represent
data. The dendrogram looks for the correlation between samples and
identifies sets of samples (subgroups) that are similar. Fig. 6 shows two
dendrograms for the honey samples studied. The dendrogram have
been made using the PCA analysis of the e-tongue data. The samples are
arranged along the bottom of the dendrogram and referred to as honey
sample numbers. The vertical axis is labelled distance (D) and measures
the dissimilarity between honey samples. Highly similar subgroups are
nearer the bottom of the dendrogram.

Fig. 6(a) shows a dendrogram based on the data of the first two
principal components of the e-tongue data of Fig. 5(a). The dendrogram
reveals three main sub-groups within the Lavandula honey group. These
sub-groups are identified as L1, L2 and L3. Similar analysis was carried
out for Bupleurum based honey. Again, three different subgroups named
B1, B2 and B3 are distinguished. These subgroups are shown in Fig. 6(b).
The use of a dendrogram analysis of the e-tongue data shows that it is
possible to identify subgroups within the main floral group.

It is now important to understand what the differences between
subgroups are. This identification requires a detailed physicochemical
analysis of the samples belonging to each subgroup. Table 1 presents
the physicochemical parameters of each subgroup. All subgroups have
almost identical sugar and water contents. However, they have marked

Fig. 4. PCA discrimination patterns for e-
tongue. (a) Gold sensor. (b) n+-Si sensor. (c)
ITO sensor. (d) Carbon sensor. Blue circles re-
present samples with lavender pollen pre-
valence; black squares samples with
Bupleurum pollen prevalence. Empty black
squares and empty blue circles represent odd
samples purchased, as belonging to a specific
floral origin but this origin was not confirmed
using melissopalynology (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of this
article).
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differences on the electrical conductivity and colour. Fig. 7 shows his-
tograms for colour and electrical conductivity. The sub-group L1 has the
lowest electrical conductivity and the lighter colour, the subgroup L3
has the highest electrical conductivity and colour intensity. L2 has va-
lues of conductivity and colour between the other two subgroups. Si-
milar behaviour is showed for the Bupleurum based honey, the sub-
groups B1, B2 and B3 are also characterized by differences on electrical
conductivity and colour.

A comparison between the histogram for Bupleurum and Lavandula
based honey also shows that while in lavender type of honey colour
increases with honey conductivity, the opposite behaviour is observed
for the Bupleurum based honey. In this case the higher the electrical
conductivity more transparent becomes the Bupleurum based honey.
Although colour and conductivity seems to be somehow linked, this
relation depends on the type of secondary species contribution to the
main honey composition. Further studies are required to elucidate this
interesting relation between honey colour and electrical conductivity.

The physical chemical analysis reveals that the e-tongue is able to
distinguish not only the floral origin of the honey, but furthermore, the
tongue is also sensitive to changes in the electrical conductivity.
Fig. 7(a) shows that the e-tongue can distinguish differences in elec-
trical conductivity of 100 μS/cm and differences in colour of 8mm
Pfund. The real discrimination sensitivity may even be lower. Further
studies with samples with more similar values for conductivity and
colour are required to evaluate the discrimination threshold of the
impedimetric e-tongue.

Table 1 also shows that the sub-groups within each type of honey do
not show differences in terms of moisture, glucose, and fructose con-
tents. Therefore, we may conclude that within a specific floral origin of
honey, the sugar and water contents remain unchanged. The changes
occur in the electrical conductivity which according to the literature is
caused by the contribution of other botanical species [45,46]. This shed
light why the e-tongue has a quite powerful discriminating power. The
impedimetric tongue relies on the electrical properties of the electrical
double-layer. The interfacial impedance of the EDL is strongly depen-
dent on the electrical conductivity of the electrolyte solution. The in-
terfacial capacitance and resistance vary dramatically upon changes on
the electrolyte solution. In our study the changes in electrical con-
ductivity amongst subgroups of the same honey are introduced by the
presence of secondary botanical species. By detecting minute changes
on the electrical conductivity, the e-tongue is able to distinguish var-
iations matching the changes in the pollen composition.

The e-tongue ability to probe honey was evaluated with honey
samples with identical sugar contents but with very different colour and
pollen composition. Differences in electrical conductivity are somehow
related with the colour and pollen composition as reported previously
by other authors [45]. This relationship makes electrical conductivity a
useful parameter for discriminating honeys of different floral origin
[47]. It is also known that the acidity of any honey is directly related to
its floral sources. Honey contains a number of different acids, including
about 18 aminoacids, many different organic acids, as well as aliphatic
and aromatic acids. The aromatic acids greatly contribute to the flavour

Fig. 5. The discrimination power of e-tongue in comparison with and the physicochemical parameters. (a) PCA biplot using the overall data (tan δ). (b) PCA biplot
using the resistance (RP) and capacitance (CP) data. (c) PCA biplot using normalized physicochemical characterizations (d) PCA biplot using both pollen data and
physicochemical parameters. Black squares represent honey samples with Bupleurum pollen prevalence and blue circles represent lavender floral origin (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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of honey [5]. Honey electrical conductivity is strongly related with the
acidity and it has been reported that natural acidity of honeys may
increase with the storage duration, especially when extracted from
combs with propolis or when honey deteriorates due to fermentation
[48]. Moreover, honey adulteration with sugar syrup lower its acidity
while a honey sample adulterated with inverted sugar present a higher
acidity [49]. Since the tongue developed and presented here is highly
sensitive to ionisable species it should also be able to detect honey
adulteration and ageing.

The e-tongue relies on the use of 4 different sensing electrodes.
However, the performance comparison between the different electrodes
shows that the use of gold electrode alone has the required dis-
crimination ability and does not lower the overall e-tongue perfor-
mance. The use of expensive platinum electrode can be discharged in
future e-tongue implementations. All sensing electrodes were selected
on terms of stability and reusability after proper washing with water.

4. Conclusions

An impedimetric electronic tongue was developed and successful
applied to discriminate honeys with different floral origin. The tongue
can distinguish Bupleurum and Lavender based honeys with almost
identical sugar and moisture contents.

The sensing unit is comprised of 4 different bare electrodes (not
functionalized). A comparison between the different sensing electrodes
tested, reveals that the best ability to discriminate honey is achieved by
the electrode with the highest interfacial capacitance per unit area, the
gold electrode. However, the combined use of the four sensing elec-
trodes provides the highest discriminating power. The e-tongue stabi-
lity, reliability and reusability were also demonstrated.

The use of dendrograms complemented with physico-chemical
analysis provides clear insight into the sensing mechanism. The e-
tongue is essentially sensitive to changes in the honey electrical con-
ductivity. Differences in electrical conductivity between samples with
different floral origin are brought-in by the presence of ionisable

Fig. 6. Dendrogram of the scores resulted from the PCA in Fig. 4. (a) Dendrogram of Lavandula honey; The three clusters were labelled as L1, L2 and L3. (b):
Dendrogram of Bupleurum honey; The three obtained clusters were labelled as B1, B2 and B3.

Table 1
Melissopalenological, and physico-chemical characterization of the honey samples. Results are presented as Mean ± SD.

Honey from Lavandula floral origin Honey from Bupleurum floral origin

Subgroup L1 L2 L3 B1 B2 B3

Lavandula pollen (%) 37.76 ± 8.39 42.41 ± 18.79 31.71 ± 11.55
Bupleurum pollen (%) 58.18 ± 14.63 46.64 ± 12.67 34.13 ± 15.16
Electrical conductivity (μS/cm) 186.76 ± 23.35 278.22 ± 33.15 522.48 ± 45.53 405.11 ± 33.65 540.71 ± 56.70 853.16 ± 47.16
Colour (mm Pfund) 25.28 ± 7.12 39.91 ± 15.97b 73.28 ± 15.71 63.10 ± 21.72 51.75 ± 15.63 44.67 ± 22.09
Moisture content (%) 18.36 ± 0.67 18.88 ± 0.49 18.76 ± 0.50 19.73 ± 0.60 19.58 ± 1.03 19.05 ± 0.35
Glucose (%) 24.03 ± 4.53 22.80 ± 1.82 24.64 ± 2.49 24.04 ± 1.87 25.28 ± 3.65 23.24 ± 0.07
Fructose (%) 36.14 ± 2.86 35.57 ± 1.95 34.99 ± 2.99 38.00 ± 2.17 37.47 ± 2.46 34.72 ± 1.20
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organic acids and mineral salts.
Comparatively, to conventional conductivity measurements relying

in bulk measurements, the e-tongue is extremely sensitive to minute
changes on the electrical conductivity. The ultra-high sensitivity to
ionisable substances occurs because the tongue probes the low-fre-
quency impedance variations occurring in an ultra-thin interfacial po-
larizable electrode/electrolyte interface (Helmholtz layer).

The e-tongue configuration and the measuring methodology pro-
posed here may be applied to a variety of other complex liquids where
changes in ionisable species occur.
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