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Highlights

e comparison of the performance of 6 different e-tongues
e evaluation of for taste-masked samples
e results were obtained under blind conditions

e assessment of different evaluation methods

Abstract

Electronic tongue technology based on arrays of cross-sensitive chemical sensors and chemometric
data processing has attracted a lot of researchers’ attention through the last years. Several so far
reported applications dealing with pharmaceutical related tasks employed different e-tongue systems
to address different objectives. In this situation, it is hard to judge on the benefits and drawbacks of
particular e-tongue implementations for R&D in pharmaceutics. The objective of this study was to
compare the performance of six different e-tongues applied to the same set of pharmaceutical samples.
For this purpose, two commercially available systems (from Insent and AlphaMOS) and four
laboratory prototype systems (two potentiometric systems from Warsaw operating in flow and static
modes, one potentiometric system from St. Petersburg, one voltammetric systems from Barcelona)
were employed. The sample set addressed in the study comprised nine different formulations based on
caffeine citrate, lactose monohydrate, maltodextrine, saccharin sodium and citric acid in various
combinations. To provide for the fair and unbiased comparison data processing from all the systems, it
was performed in a uniform way. Different mathematical methods were applied to judge on similarity
of the e-tongues response from the samples. These were principal component analysis (PCA), RV’

matrix correlation coefficients and Tucker’s congruency coefficients.

Keywords

commercial e-tongues; laboratory prototype e-tongues; potentiometric e-tongues; ISFET;

voltammetric e-tongue; blind conditions
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1. Introduction

Evaluation of taste parameters and taste-masking efficacy gains importance, especially in the
development of pediatric drug formulations. The traditional way to assess the taste is obviously based
on human sensory panels. However, besides ethical aspects, this method is associated with numerous
problems, such as sensory panel fatigue or dependency of sensory scores on the health conditions of a
panelist. Artificial taste assessment of pharmaceutics seems to be a very attractive alternative, since it
provides a fast and objective formulation evaluation. The first works dealing with bitter taste sensing
by e-tongue were presented by Toko et al. [1]. Since then, multichannel taste sensor that later became
a fundamental part of commercial taste sensing system by Insent had been used for quantification of
basic taste sensations in large variety of samples [2-4]. Various studies were devoted to the application
of different versions of e-tongues for the assessment of taste in pharmaceutical samples [5-16]. A
variety of sensors and sensor systems were developed and applied in these research efforts, based on
both, commercial [5, 6, 9, 10, 13-15] or laboratory instrumentation [7, 8, 11, 16]. Most of these reports
are focused on the development of new drug formulations by choosing appropriate taste masking
strategies. Besides, original and generic products were compared [12, 13], products modified with
commercially available beverages or jellies characterized [14, 15], the effect of micro encapsulation
[16] or oral film formulations [17] on taste-masking efficacy assessed and stability and dose
uniformity studies [18] presented. In a recent study, the capability of HPLC and e-tongue analysis was
compared with human taste panels regarding taste assessment and the applied e-tongue was proven to

be even more sensitive than the human taste panels [19].

The idea of “e-tongues” is based on the application of an array of cross-sensitive chemical sensors
combined with multivariate data processing techniques to yield quantitative and qualitative
information about studied sample [20]. Chemical sensors in an array can be based on various
principles of signal transduction: potentiometry, voltammetry, optical sensing, surface acoustic waves,
etc. The first two mentioned transduction schemes gained widest acceptance in research these days
[21]. This is probably due to the ease of instrumentation required for implementation of these

techniques and broad options to modify sensor response in order to fit it to particular analytical task.
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So far, comparability studies have been performed based on the two commercially available systems
[22, 23] or proving the interlab comparability of the Instent taste sensing system [24]. Since the sensor
systems applied for pharmaceutical analyses are based on different principles and may have different
functionality, it seems timely to perform independent comparison of several e-tongues in the
framework of an interlaboratory experiment to reveal possible differences and special aspects
associated with each of the systems. The purpose of this study was an independent comparison of six
different multisensor systems applied to the same set of samples. In order to eliminate subjective
factors all the raw data from the systems, obtained in blind conditions, were processed in centralized

way with the same algorithms and approaches.

2. Materials and Methods

2.1 Materials

Caffeine Citrate (Fagron, Barsbuettel, Germany), maltodextrin (Kleptose® linecaps 17, Roquette
Fréres, France), citric acid (J. T. Baker, Griesheim, Germany), saccharin sodium (Caesar&Loretz,
Hilden, Germany), lactose monohydrate (granuLac® 140, Meggle Pharma, Wasserburg, Germany)
were used to prepare the samples. Potassium Chloride (Gruessing, Filsum, Germany), tartaric acid
(AppliChem, Darmstadt, Germany), hydrochloric acid (Merck, Darmstadt, Germany), potassium
hydroxide (Gruessing, Filsum, Germany) and absolute ethanol (VWR international, Darmstadt,
Germany) were used to prepare the washing solutions for the Insent e-tongue. Potassium chloride,
used at the University of Barcelona, was purchased from Merck KGaA (Darmstadt, Germany) and the
solutions were prepared using deionised water from a Milli-Q system (Millipore, Billerica, MA,
USA). Purified water was produced by appropriate methods, such as reverse osmosis at the Heinrich-
Heine-University of Duesseldorf (Germany) and at Warsaw University of Technology, Poland
(Millipore Elix3) and double distillation with GFL-2101 system (GFL, Germany) at St. Petersburg

University.
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2.2 Sample preparation

To perform a concentration series based on caffeine citrate, 0.386 g caffeine citrate was dissolved in
100.0 ml of purified water, resulting in a 10 mM stock solution. Based on this stock solution, a serial
dilution series (10 mM to 1 mM, then 1 mM to 0.1 mM, then 0.01 mM to 0.001 mM) were performed
for the e-tongues based on potentiometric signal acquisition. For the voltammetric e-tongue sensitivity
of the sensors was proven by measuring a concentration series including 0.38 mM, 0.57 mM, 0.95

mM, 1.88 mM, 3.68 mM and 7.02 mM in an aqueous KCI solution (10 mM).

Samples for the taste-masking experiment were prepared according to Table 1. The substances were
precisely weighed into 100 ml flasks and shipped to all research groups involved in the study. Each
sample was then diluted at site with 100.0 ml of purified water according to a shared protocol and

measured under blind conditions.

Table 1: Composition and labelling of the analyzed samples

Sample n°
Substance Amountpersample | 1 |2 ]3[4 |5]6|7|8]9
Caffeine citrate 034¢g X [ x X X X
Lactose monohydrate | 2.12 g | x| x|x[x|x|x|[x[|x
Maltodextrine 0.85¢g X | x| x[|x
Saccharin Sodium 0.0085 g X | x X | X
Citric acid 0.17 ¢ X | X X | X

2.3 Description of the applied electronic tongues and measurement protocols

TS5000-Z (Insent, Inc., Atsugi-Shi, Japan) (Figure 1a)

The TS5000-Z e-tongue system (abbreviation: I) was equipped with the commercially available
sensors SB2ACO0, SB2ANO and SB2BTO0 (dedicated to bitter cationic substances), SB2AAE (dedicated
to umami), SB2CTO (dedicated to saltiness) and SB2CAO (dedicated to sourness), SB2C00 (dedicated
to bitter anionic substances) and SB2AE1 (dedicated to astringent substances) and Ag/AgCl-reference
electrode. The measurement followed the standard procedure as described by Woertz [22, 25], using
the recommended measurement setup ABCABC (A, B, and C are representatives of sample beakers).

Prior to each measurement, a sensor check was performed and only proper working sensors were
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applied further. The washing steps were conducted in the recommended washing solutions ((-)-
solution: 100 mM hydrochloric acid diluted with ethanol (30 % (w/w) for negatively charged sensors,
(+)-solution: 100 mM potassium chloride and 10 mM potassium hydroxide in ethanol (30 % (w/w)) as
well as in the standard solution (0.3 mM tartaric acid and 30 mM potassium chloride in distilled
water). The whole measurement procedure was carried out 4 times in a row. Regarding the

conditioning of the sensors, only the results of the last three runs were considered for evaluation.

Measurement of the samples followed the procedure described by Pein [24], starting with the bitter
sensors SB2AC0, SB2ANO and SB2BTO in the first cycle, followed by a second run with the other 5

SENsors.

a)
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Figure 1: Multisensor systems employed in the study: a) I: TS5000-Z, b) A: aAstree, ¢) B: voltammetric e-tongue
(Barcelona), d) Wa: potentiometric e-tongue for static measurements (Warsaw), e) Whb: potentiometric e-tongue for
FIA measurements (Warsaw), f) SP: potentiometric e-tongue (St. Petersburg).

oAstree (AlphaMOS, Toulouse, France) (Figure 1b)

The aAstree e-tongue system (abbreviation: A) was equipped with the sensor set for pharmaceutical
applications (sensor set #2), an Ag/AgCl reference electrode and a stirrer. Applied cross-selective
sensors ZZ, AB, GA, BB, CA, DA and JE, were stored dry before the starting procedure. To prove the
operational qualification, the steps ‘conditioning’, ‘calibration’ and ‘diagnostic’ were carried out prior

to experiment sequences.

According to the qualification protocol [26], the experiment sequence was built according to
AABBCC order (A, B, and C represent different sample concentrations). To perform the
measurement, sensors were dipped into a sample beaker and each sample was analyzed over a period
of 120 seconds subsequently eight times. After this procedure the sensors were dipped into a washing

beaker, three times ten seconds, before the next sample was analyzed.

Barcelona voltammetric e-tongue (Figure 1c)

The voltammetric e-tongue from the working group in Barcelona (abbreviation: B) was formed by an

array of 6 sensors, plus a reference double junction Ag/AgCl electrode (Thermo Orion 900200,
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Beverly, MA) and a commercial Pt counter electrode (Model 52-67, Crison Instruments, Barcelona,
Spain). Working electrodes were metallic electrodes and bulk modified graphite epoxy composites:
two metallic Au and Pt electrodes plus four composite electrodes, one unmodified electrode and three
composite electrodes modified with Cu nanoparticles, Pt nanoparticles and Co(Il) phtalocyanine

respectively.

Electrochemical measurements were performed at room temperature (25 °C), using a 6-channel
AUTOLAB PGSTAT20 (Ecochemie, Netherlands) controlled with GPES Multichannel 4.7 software
package. A voltammogram was recorded from -1.0 V to +1.75 V vs. Ag/AgCl with a step potential of
9 mV a scan rate of 100 mVes" and an amplitude of 0.02505 V. Moreover, in order to get stable
voltammetric responses, ensuring reproducible signals from the ET array along the whole experiment,
two extra precautions were taken. Firstly, electrodes were cycled in buffer solution after its polishing
and beginning of samples measurements. Secondly, an electrochemical cleaning stage was carried out
between each measurement to prevent accumulative effect of impurities on the working electrode
surfaces. For this purpose a conditioning potential of -1.50 V was applied during 45 s in a cell

containing 30 ml of distilled water.

Potentiommetric e-tongue for static (batch) measurements (Warsaw) (Figure 1d)

The sensor array of the Warsaw batch e-tongue (abbreviation Wa) was based on 13 electrodes
equipped with polymeric membranes with various electroactive additives. There were sensors
exhibiting general selectivity to lipophilic cations, general selectivity to lipophilic anions as well as
sensors selective to various organic species with carboxylic or amine group; as the reference standard
double junction Ag/AgCl electrode was applied. Prior to measurements of pharmaceutical samples, all
sensors were qualified on the basis of their response repeatability and appropriate sensitivity. Sensor
check was performed each day of the measurements, moreover before the signal acquisition in every
sample sensor response was stabilized in standard solution. Each sample measurement time was 4 min
with signal acquisition every 3 s. Final output of the array was calculated as a mean value of 10 last

readings for each sensor.
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Potentiommetric e-tongue for FIA measurements (Warsaw) (Figure le)

The sensor array of the Warsaw FIA e-tongue (abbreviation Wb) was based on 14 miniaturized
electrodes equipped with various polymeric membranes to obtain sensors exhibiting general selectivity
to ionic lipophilic species and organic species with carboxylic or amine group. The sensors were
mounted in a flow-through cell in a sequence together with miniaturized double-junction reference
electrode. The design of the modular flow system is a subject of a polish patent application [27] and
was previously reported [28-30]. The fluid system was composed of: a two position ten port
Cheminert® valve (Vici, USA), a sample loop (200 ul), a peristaltic pump (Minipuls 3, Gilson,
France) used to fill the sample loop, and a syringe pump (KDS Model 200 Series, Holliston, USA)
used to introduce the carrier solution into the flow-through sensor array. All elements were connected
together using low-pressure connectors; additionally, air bubble catcher to remove air from carrier
solution was applied [31]. Sensor qualification, sensor check, signal stabilization were applied in the
form of the same procedure as in the case of Warsaw e-tongue for batch measurements. Each sample
was injected in triplicate to the carrier solution (10° M NaNO;); the mean of the three peak heights

served as a sensor response for further data analysis.

Potentiometric multisensor system of 23 electrodes (St. Petersburg) (Figure 11)

The potentiometric multisensor system based on 23 cross-sensitive electrodes (abbreviation: SP) was
employed during the experiments in St. Petersburg. These were nine cation-sensitive sensors, 11
anion-sensitive sensors, two chalcogenide glasses with pronounced red/ox sensitivity and standard
glass pH-sensor ESL-43-07 (ZIP, Gomel, Belorussia). All potentiometric measurements were
performed against Ag/AgCl reference electrode with custom made 32-channel digital mV-meter
connected to a PC through USB interface. Precision in potential measurements was 0.1 mV. Typical
measurement time was 3 minutes for each sample. After the measurements, sensor array was washed

several times with distilled water to bring the potentials of the sensors to initial readings.

2.4 Data analysis
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RV'(X,Y)=

All the data obtained from different e-tongues were evaluated with Excel, Simca-P+ 12.0.1 and R

software. The resulting sizes of the data matrices were:

potentiometric e-tongue for batch measurements (Warsaw): 45x13 (9 sample types, all
measured in 5 repetitions by 13 sensors)

potentiometric e-tongue for FIA measurements (Warsaw): 45x14 (9 sample types, all
measured in 5 repetitions by 14 sensors)

potentiometric e-tongue (St. Petersburg): 45x23 (9 sample types, all measured in 5 repetitions
by 23 sensors)

potentiometric e-tongue (TS 5000-Z, Insent Inc.): 36x8 (9 sample types, all measured in 4
repetitions by 8 sensors)

ISFET based e-tongue (oAstree, AlphaMOS): 45x7 (9 sample types, all measured in 5
repetitions by 7 sensors)

voltammetric e-tongue (Barcelona): 27x1242 (9 sample types, all measured in 3 repetitions by

6 sensors, 207 data points for each sensor).

Comparison of the results obtained from the different e-tongues was performed based on principal
component analysis (PCA), on the calculation of RV’ matrix correlation coefficients and Tucker’s
congruency coefficients. PCA is the method of data dimensionality reduction and visualization of the
hidden data structure. It is widely employed in numerous studies nowadays and extended details can
be found in [32]. One of the main outcomes of PCA analysis are so called score plots, visualizing
similarity of the studied samples in 2D plots. Both RV’ and Tucker’s ¢ are intended for assessment of
similarity between two data sets sharing the same row mode (i.e. obtained for the same sets of

samples). The RV’ coefficient can be calculated as follows [33]:

(XX YY)
— — (1), where
XX P YY)
XX =[XX —diag(XX")] Q).

10
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The RV’ coefficient can be interpreted as analogous to Pearson’s correlation coefficient and it can
have values in the range between —1 and +1 [33]. In order to estimate the similarity between the latent

variables for two data sets, e.g. in PCA, Tucker’s congruence coefficient can be employed [34]:

_ t’”(TszT)
\/tr(TlTlT)tr(TszT)

3)

where T, and T, are score matrices obtained by PCA for two data sets with the same number of rows.

Tucker’s coefficient may vary from -1 to +1.

3 Results and Discussions

3.1 Evaluation of the dilution series

As a first stage of research, the responses of different multisensor systems in caffeine citrate solutions
of varying concentration were analyzed to ensure that all the e-tongues under study possess certain
sensitivity towards the investigated active pharmaceutical ingredient caffeine citrate. In Figure 2,
responses of four typical sensors from each system are shown except the voltammetric e-tongue for

which the response of only one sensor is given for the sake of better visualization on a single plot.

It can be seen that the sensors in all the studied systems have pronounced sensitivity towards the
components of caffeine citrate solutions. In case of Insent and potentiometric tongues from St.
Petersburg and Warsaw, this sensitivity obviously can be explained by response to citrate anions and
caffeine cations (negative and positive sloped curves correspondingly). The same applies for the
ISFET based aAstree. In case of voltammetric system, Figure 2c shows the calibration curve for the
epoxy graphite sensor. Although the other sensors provide relevant information about the compounds
that have redox activity, the epoxy graphite sensor together with the Au are the ones that have higher

sensitivity towards the caffeine citrate.

11
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Figure 2: Typical view of sensors’ responses in caffeine citrate solutions: a) TS5000-Z, b) aAstree, ¢) voltammetric e-
tongue (Barcelona), d) potentiometric e-tongue for static measurements (Warsaw), e) potentiometric e-tongue for FIA
measurements (Warsaw), f) potentiometric e-tongue (St. Petersburg).

Unfortunately direct comparison of distinct sensitivity parameters is not possible for all studied
systems, since they are based on different analytical platforms (ISFETs, potentiometric sensors,

voltammetry) and moreover they have different measurement methodology. For example TS5000-Z

12
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requires reference solution measurements between all assessments and response is calculated against
the sensor readings in this solution, while potentiometric systems from St. Petersburg and Warsaw (e-
tongue for batch measurements) are using sensor responses obtained directly from the measurements
against reference electrode. On the other hand, in the case of Warsaw FIA e-tongue the output is
calculated versus potentials obtained in the carrier solution because peak heights are considered. For
the aAstree, an individual factor, which is assigned but hidden in the software, is multiplied with each

of the sensor responses.

3.2 Evaluation of RV’ matrix correlation coefficients and Tucker’s congruency coefficients

Besides the often used principal component analysis, another possible way to compare multivariate
data obtained for the same set of samples is to calculate corresponding matrix correlation coefficients.
For this purpose RV’ coefficients for raw data and Tucker’s congruency coefficients for PCA scores
were calculated (Table 2) based on the data from each e-tongue obtained from the nine samples shown
in Table 1. The more similar the data matrices from two methods the closer corresponding RV’ value

to =1, otherwise it tends to zero. The same holds for Tucker’s ¢.

Table 2: RV’ matrix correlation coefficients displayed in grey and Tucker’s congruency coefficients (¢) displayed in
light grey. (I) — TS5000-Z; (A) — aAstree; (B) — voltammetric e-tongue (Barcelona); (Wa) — potentiometric e-tongue
for static measurements (Warsaw); (Wb) — potentiometric e-tongue for FIA measurements (Warsaw); (SP) —
potentiometric e-tongue (St. Petersburg);

I A B Wa Wb SP
I - 0.753 0.873 0.772 0.820 0.811
A -0.096 - 0.860 0.846 0.588 0.808
B 0.098 0.091 - 0.969 0.897 0.980
Wa 0.327 0.287 0.297 - 0.863 0.992
Wb 0.005 0.742 -0.622 0.373 - 0.920
SP 0.256 -0.739 -0.614 0.091 0.779 -

Summarized in Table 2, there are the RV’ coefficients (fields marked in grey) and the Tucker’s
congruency coefficients (fields marked in grey); both sets reveal that certain similarity exists between
all studied pairs of data sets from e-tongue systems. The e-tongues with many variables (St. Petersburg
and Barcelona) are generally showing higher RV’ values than those with smaller number of variables
(columns in the data matrix). Two most similar in this metric data sets are originating from St.

Petersburg and Warsaw (batch version) (RV’=0.992). This is well understood taking into account the

13
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same analytical platform (potentiometry) and wide similarities in sensor compositions (polymeric
plasticized membranes) of these two systems. Two most dissimilar systems in RV’ metrics are
Warsaw FIA version (Wb) and aAstree (A), which can be attributed to the higher number of sensors in
the system from Warsaw, different measuring protocol (flow cell) and different sensor technology

(ISFET in aAstree against potentiometric platform).

Situation changes when considering Tucker’s congruency coefficients (Table 2, highlighted in lighter
grey), their values imply much smaller number of correlated data sets in terms of variance structure.
Now the two most similar data sets are SP and Wb (¢ =0.779), and the most dissimilar are I and Wb
(¢ =0.005). Tucker’s congruency coefficients can be considered as more appropriate metrics for this
particular task, since these values assess the variance structure within the data and they are more
relevant for the comparison of the techniques involving different sensor types and measuring

protocols.

According to the results of application of different mathematical methods, all studied e-tongue systems
are more or less comparable in terms of their ability to capture the variance in the data resulting from

the studied samples.

3.3 Evaluation of the taste-masked samples

For this particular experiment, different taste-masking agents were solely or in combination added to a
basic formulation containing caffeine citrate and lactose (Table 1). Applicability of different sensor
arrays to detect the masking-ability of citric acid as counterpart within caffeine citrate (sample 3) and
the highly potent sweetener saccharin sodium (sample 5) was the purpose of evaluation. Maltodextrin
grades have recently been discussed as possible taste-masking agent within a preformulation study
utilizing electronic tongues [35]. Thus, the most promising candidate was also included in some
formulations (samples 6-9). Moreover, it should be investigated, if the sensor arrays can differentiate
precisely between drug containing formulations (samples 1, 2, 4, 6, §; Table 1) and corresponding
placebo formulations. By mixing all taste-masking agents (sample 9), the taste-masking agent with the

highest impact on the sensor responses should be defined. From the human sensory point of view, this

14
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was expected for saccharin sodium, since it provides a very sweet taste, but sometimes even described

as metallic [36].

3.3.1 Comparison of the data obtained with the different e-tongues

PCA was employed to compare the recognition capabilities of the studied electronic tongues. PCA
results are usually presented as the score plots. The idea of these plots is to visualize the
difference/similarity in the measured samples. As an example Figure 3 can be considered. Each point
shown in the plot is the particular sample (measurement results) in a principal component (PC) space.
Those points (samples) which are located close to each other in a score plot are similar (due to similar
corresponding multisensor system responses). In the brackets at the axis captions the amount the
variance in the data explained by each PC is shown. These numbers must be also taken into account

when judging on recognition capabilities of the systems.

With regard to this, placebo samples 5 (containing saccharin sodium) and 7 (containing maltodextrin)
were detected to be dissimilar from the other samples, when measured with the Warsaw “FIA” e-

tongue, the aAstree, the SP e-tongue and the Barcelona voltammetric e-tongue (Figure 3).

For each potentiometric based sensor array the expected influence of saccharin sodium could be
confirmed: the according sweetener-free and sweetener-containing samples were discriminated either
along the x-axes (Insent (Figure 3a) and Warsaw “Batch” e-tongue (Figure 3d)) or the y-axes (SP e-
tongue (Figure 3f) and Warsaw “FIA” e-tongue (Figure 3e)). Interestingly, distinction between
caffeine citrate containing samples (samples 1, 2, 4, 6, 8) and drug free samples along the first
principal component axis (along the direction of the most variability in the data) was made by none of
the electronic tongues. However, Barcelona e-tongue and Warsaw “batch” e-tongue allow for
discrimination between drug containing samples (red) and placebo samples (black) — certain clustering
is visible along the second PC. It is rather that caffeine citrate was detected most likely as citric acid
and thus, samples containing citric acid and/or caffeine citrate and samples without any of the two
ingredients were significantly discriminated along the major component by the voltammetric sensors

of the Barcelona e-tongue as well as the aAstree, the Warsaw “FIA” e-tongue and the SP e-tongue.

15
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Figure 3: Score Scatter Plots of all used e-tongues; a) TS5000-Z, b) aAstree, ¢) voltammetric e-tongue (Barcelona), d) potentiometric e-tongue for static measurements (Warsaw), e)
potentiometric e-tongue for FIA measurements (Warsaw), f) potentiometric e-tongue (St. Petersburg); results are based on all applied sensors; samples are displayed in triple
measurements; red marked samples contain caffeine citrate.
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When performing PCA excluding samples 5 and 7 and thus those samples, which neither contained
caffeine citrate nor citric acid, the four potentiometric working e-tongues provided for pronounced
discrimination between samples containing saccharin sodium (samples 4, 8, 9) and those without
saccharin sodium (samples 1, 2, 3, 6) (Figure 4). It is also noteworthy that the potentiometric systems
from St. Petersburg (Figure 4f) and Warsaw (Figure 4d: “Batch” e-tongue) provide similar recognition
ability, resulting in corresponding scatter plots. The St. Petersburg’s e-tongue was able to discriminate
the samples with caffeine citrate from those without the API along the second principal component
(Figure 4f, PC 2 describing 14.4 % of the variance).The samples 4, 8 and 9 were located somewhat
closer to each other based on the Warsaw “Batch” results (Figure 4d, PC2 describing 9.8 % of the total
variance). This strong analogy in the performance of two systems are due to wide similarities in
measuring protocol and sensors as it was already mentioned in the discussion of Tucker’s coefficients
(chapter 3.2). The slight differences might be due to the increased number of sensors (23 sensors vs.
14 sensors), which are applied at the St. Petersburg e-tongue. Samples 2 and 8, which contained
caffeine citrate plus citric acid, were detected to be significantly different from the other samples from
the voltammetric Barcelona e-tongue (along PC 1 with 64.6 %) and to a little less degree also from the
aAstree (along PC 2 with 31.8 %). For the voltammetric tongue, this is in a good agreement with the
measurement principle, which allows for detecting substances that can be reduced or oxidized best.
For the Astree, this result might be due to the acidic character of these particular samples. Studying
Figures 3 and 4 also allows noticing that voltammetric e-tongue provides a little less reproducibility in
replicated measurements compared to other studied systems, since corresponding points in the same
samples are scattered. This scatter is originated from electrical noise at high potential of operation,
where oxidation signal of caffeine is distorted by simultaneous oxidation of water. This problem can
be avoided by optimizing sensor compositions in order to obtain more pronounced catalytic response

towards caffeine, e.g. incorporating polypyrrole [37] or graphene [38] as electrode modifiers.

Table 3: Variance structure in terms of explained variance in PCA (Figure 4); (I) — TS5000-Z; (A) — aAstree; (B) —
voltammetric e-tongue (Barcelona); (Wa) — potentiometric e-tongue for static measurements (Warsaw); (Wb) —
potentiometric e-tongue for FIA measurements (Warsaw); (SP) — potentiometric e-tongue (St. Petersburg).

% PC1 PC2 PC3 PC4 PC5 PC6
I 99 1 0 0 0 0
A 58 32 9 1 0 0
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B 65 16 11 4 2 1
Wa 86 10 2 1 0 0
Wb 81 11 6 1 1 0
SP 83 14 1 1 0 0

Table 3 summarizes the percentage of explained variance in PCA decomposition for each particular
data set (related to Figure 4). The study of variance distribution along the PCs also allows assessing
data similarity. In terms of this distribution, all potentiometric systems except Insent are pretty similar
to each other. Voltammetric e-tongue shows the smallest variance explained by the first two PCs and it
takes six PCs to achieve the total explained variance of 98 %, but it is also the system with high
dimensionality. For Insent two first PCs give 100 %. The latter result suggests that Insent system in
this study does not provide for recognition of the samples along the PC2 component, since the overall
variance amount for PC2 is below 1 %. It is also noticable, that the other three potentiometric systems
(SP e-tongue, Wa and Wb) provide very similar variability structure (almost the same amount of

variance captured in the first two PCs).

4. Conclusion

Machine assessment of taste parameters in pharmaceutics appears to be an attractive option for
traditional sensory panels. E-Tongue technology can provide for fast taste profiling and it does not
suffer from fatigue effect. This study compared for the first time the performance of six different e-
tongues (both, commercially available and at R&D stage) in the framework of a blind experiment
dedicated to the analysis of several pharmaceutical formulations. In order to obtain unbiased
evaluation of systems’ performance, samples were identical for all applied e-tongues and data analysis
was performed in a centralized way by employing the same algorithms and procedures for all the
systems. Comparison of data sets obtained from different e-tongues was performed by using matrix
correlation coefficients, Tucker’s coefficients and principal component analysis. The obtained results
revealed that laboratory prototypes of potentiometric e-tongues recognized the studied pharmaceutical
formulations in a rather similar manner, while the voltammetric system led to a different recognition
picture. Due to its particular measurement principle this system shows sensitivity towards substances,

which are not ionized in solution but can be reduced or oxidized and it can be valuable for various
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applications. In certain cases the use of bigger number of sensors in multisensor array (St. Petersburg
system with 23 sensors) provides for more distinct clustering in PCA plots. It is noteworthy that only
two systems: voltammetric e-tongue and Warsaw “batch” e-tongue, can differentiate samples
containing caffeine citrate from API-free samples when processing all samples simultaneously and this

can be beneficial for studying of taste-masking effects and drug-release kinetics.

It must be pointed out that all these findings are based on the investigation of the very limited set of
pharmaceutical samples and for more general conclusion the studied e-tongues should be further
evaluated applying different APIs and pharmaceutical dosage forms. For sure these ongoing

comparative studies may be of great help for potential users in the pharmaceutical field.
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