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classification.

Bio-electronic tongue was linked to artificial intelligence processing unit and used for classification of wines
based on carboxylic acids levels, which were indirectly related to malolactic fermentation. The system employed
amperometric biosensors with lactate oxidase, sarcosine oxidase, and fumarase/sarcosine oxidase in the three
sensing channels. The results were processed using two statistical methods — principal component analysis (PCA)
and self-organized maps (SOM) in order to classify 31 wine samples from the South Moravia region in the Czech
Republic. Reference assays were carried out using the capillary electrophoresis (CE). The PCA patterns for both
CE and biosensor data provided good correspondence in the clusters of samples. The SOM treatment provided a
better resolution of the generated patterns of samples compared to PCA, the SOM derived clusters corresponded
with the PCA classification only partially. The biosensor/SOM combination offers a novel procedure of wine

1. Introduction

From the ancient age, wine was produced and considered as drink
from gods; hence, it was used by emperors and kings and later reached
privileged classes. From the moment when beneficial properties of the
wine were discovered, wine-making substantially increased and it be-
came available to common people (Estreicher, 2006). The methods and
techniques for production were further developed; these can be cate-
gorised as traditional and modern ones (Ribereau-Gayon, Dubourdieu,
Don‘eche, & Lonvaud, 2006). Fermentation processes of wine are di-
vided to primary (classic) and secondary (malolactic fermentation,
MLF). The classic fermentation is characteristic for the south regions of
Europe (France, Italy, Spain and Portugal) and regarding carboxylic
acids, tartaric acid is the major one present (Sablayrolles, 2009). MLF is
very common to the north regions (Austria, Germany, Czech Republic
and UK); climate is cooler and intensity of sunshine is lower, leading to
higher levels of carboxylic acids, particularly an increased malic acid
content (Lasik, 2013). The type of fermentation is determined by che-
mical composition of grapes and thus major differences of resulting
wines between north and south region stem from different ratios among

carboxylic acids (malate, tartrate, lactate and citrate) (Abrahamse &
Bartowsky, 2011; Jackson, 2014; Ribereau-Gayon et al., 2006).
Regarding technological aspects, analytical methods for monitoring
quality of wines have been developed using spectrophotometric, en-
zymatic, chromatographic and electrophoretic techniques (Mato,
Suarez-Luque, & Huidobro, 2005). For determination of carboxylic acid
in wine, enzymatic biosensors are widely used for individual principal
compounds as lactate (Zeravik et al., 2015) and also for the whole MLF
process (Gamella et al., 2010); the analytes typically serve as substrates
for the immobilised specific enzyme. Alternatively, selected carboxylic
acids can competitively inhibit the enzyme sarcosine oxidase (SOX),
and consequently it will slow down its reaction with substrate and
generation of H,O,; This principle was applied in an electrochemical
biosensor (Zeravik, Lacina, Jilek, Vlcek, & Skladal, 2010); the produced
H,0, was measured amperometrically on the Pt working electrode
protected against other potentially interfering species present in the
sample matrix. The screen-printed format was employed as this seems
best suited for portable applications (Dominguez Renedo, Alonso
Lomillo, & Arcos Martinez, 2007; Turner, 2013). The instrumentation is
easily miniaturized for convenient hand-held user formats (Rowe et al.,
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2011). Here, for a better characterisation of carboxylic acids, the basic
SOX biosensor was used also with a variant with co-immobilised fu-
marase (FUM) in order to enhance response to tartrate, and another
channel with lactate oxidase (LOX) served for L-lactate determination.

For complex food, beverage and waste water samples, the standard
analytical methods as well as cheaper biosensor alternatives were
linked to statistical procedures (e.g. principal component analysis, PCA)
(Medina-Plaza, de Saja, & Rodriguez-Mendez, 2014) and bio-inspired
learning algorithms called artificial neural networks (ANN) (Deisingh,
Stone, & Thompson, 2004; Mato et al., 2005). Chemometric procedures
as PCA and ANN can follow the measured experimental data and pro-
vide the results in a simplified form to the users. PCA is probably the
most widely used multivariate statistical technique. It is based on a
linear transformation of multidimensional data into different ortho-
gonal coordinates using maximum variance and minimum correlation.
PCA allows the researcher to reduce data multidimensionality, finding
relationships among objects, estimate the correlation structure of the
variables and investigate how many components (a linear combination
of original features) are necessary to explain the greater part of variance
with a minimum loss of information (Rodriguez-Delgado, Gonzalez-
Hernandez, Conde-Gonzalez, & Perez-Trujillo, 2002). The 2D (or 3D)
corresponding score plot can be used for groupings classification (Wei,
Wang, & Ye, 2011). Recently in wine analysis, PCA was applied for
characterization of phenolics using bioelectronic tongue (Ceto,
Capdevila, Minguez, & del Valle, 2014). For assays of carboxylic acids,
PCA was coupled to traditional methods as FTIR spectroscopy of wines
(Zhang et al., 2010), fluorescent sensor for fruit juices (Tan, Li, & Jiang,
2014), as well as studying effects of wine geographical origin (Diaz,
Conde, Estevez, Olivero, & Trujillo, 2003); no combination with bio-
sensors was found so far.

ANN is a family of machine learning algorithms inspired by biolo-
gical neuronal networks. It was used to estimate or approximate func-
tions depending on a large number of inputs which are unknown. ANNs
are generally presented as systems of interconnected “neurons” which
send messages to each other. The connections have numeric weights
that can be tuned based on experience, thus making neural nets adap-
tive to inputs and capable of learning. Self-organizing map (SOM) is a
type of ANN that is trained using unsupervised learning to produce a
low-dimensional (typically 2D), discretised representation of the input
space of the training samples and called a map. SOMs are different from
other ANNs in the sense that they use a neighbourhood function to
preserve the topological properties of the input space (Feng & Xu, 2011;
Rousi, Anagnostopoulou, Tolika, & Maheras, 2015). Although topology
of a data set is well preserved locally, distances between points in
original space are not preserved on a final map (Kohonen, 1982). In
unsupervised nets analysis networks such as the SOM, the nodes com-
pete to best represent the data. Therefore, the advantage of the un-
supervised methods is that there are no assumptions made as to the
final clustering, visualization, and abstraction of the data (Kiang,
2001). The final map evolves, or learns, from the input data. The classes
become characteristic of the input data by being ‘trained’ by them
(Cassano, Lynch, Cassano, & Koslow, 2006). For wine analysis, SOM
helped to characterise polyphenol related effects (Cabrita, Aires-De-
Sousa, Gomes Da Silva, Reiand, & Costa Freitas, 2012) and aroma,
flavour, appearance and texture (Alves, de Araujo, Pessota, & dos
Santos, 2013).

In our report, the determination of carboxylic acid in wine by bio-
sensor procedures is linked to evaluation using chemometric methods;
PCA and SOM are compared as novel procedures for characterisation of
carboxylic acids to develop a new classification of wines. The aim of
this work is to evaluate the PCA and SOM for clustering of red, white
and rose wines from the South Moravia region (part of the Czech
Republic), in order to discriminate the consistency of classification
methods.
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2. Materials and methods
2.1. Reagents and samples

L-Lactic acid, L-malic acid, r-tartaric acid, succinic acid, citric acid,
fumaric acid and all enzymes (SOX, FUM, LOX) were purchased from
Sigma-Aldrich (www.sigmaaldrich.com). Wines (31 samples, complete
list in Table S1 in Supplementary Material, SM) originated in the
Moravian region were from producers Znovin (Znojmo, P1) and Winery
Jaroslav Tichy (Rybniky, P2); the white wines included Chardonay
(sample 28wCh), Chenin Blanc (26wChB), Moravian Muscat (17wMM),
Miiller Thurgau (18wMT), Palava (8wP), Pinot Blanc (21wPB), Wels-
chriesling (4wW), cuvée Sauvignon-Neuburger (11wSBN), Friihroter
Veltliner (10wFV, 20wFV), Riesling (7wR, 15wR), Sauvignon Blanc
(23wSB, 25wSB, 29wSB), Griiner Veltliner (1wGV, 13wGV, 14wGV,
22wGV, 24wGV), Pinot Gris (6wPG, 12wPG, 16wPG, 27wPG, 30wPG,
31wPQ); the rose wine was Lemberger Rosé (2wrL) and the red wines
included Saint Laurent (3rSL), Zweigeltrebe (19rZ) and Lemberger (5rL,
orL).

2.2. Biosensor analysis

The screen-printed electrode AC1.W2.R1 (SPE, 1 mm Pt as working,
Pt as counter and Ag as pseudo-reference electrodes) were obtained
from BVT Technologies (Brno, Czech Republic) and modified with anti-
interference and enzyme layers as described in SM to obtain the bio-
sensors (LOX, SOX and FUM/SOX variants, details in SM). This was
connected to a potentiostat PalmSens from Palm Instruments (Houten,
The Netherlands) and placed in a flow-through cell constructed in a
laboratory. The minielectronic 8-channel switching valve was from Vici
Valco Instruments (Houston, TX, USA) and the peristaltic pump Mini-
puls 3 was purchased from Gilson (Middleton, WI, USA).

Inhibition measurements with the SOX and FUM/SOX biosensors
were performed with 50 mM phosphate pH 7.4 containing 100 mM KCl
— the carrier solution, flow rate was 50 yL min~! and the working po-
tential was 650 mV. The measuring cycle consisted of the following
steps (10 min each): 1) carrier zone for baseline stabilization (ipaseline);
2) zone of 5 mM sarcosine (isarcosine); 3) Zone of 10-times diluted sample
containing carboxylic acids with added 5 mM sarcosine (ijynip); 4) 5 mM
sarcosine (to confirm recovery of enzyme activity after sample ana-
lysis). Relative inhibition value was calculated as follows:

@

The LOX biosensor was used at the same working conditions, the
10 min steps were: 1) carrier buffer for baseline; 2) either sample
(ijactate) OF L-lactic acid standard.

RI = (isarcosine - iinhib)/(isarcosine - ibaseline)

2.3. Chemometric data processing with PCA and SOM

All computations related to PCA were carried out using procedures
available in the software package Statistica ver. 20.0 from Statsoft
(Tulsa, OK, USA). For SOM (description in SM), the custom C im-
plementation of the Kohonen algorithm was used, details and para-
meters are in Table 1. The U-matrix approach served for visualization
(Ultsch, 1992). For the composition maps, a gray shade gradient was
used with lighter colours representing lower concentrations and darker
colours representing higher concentrations, respectively.

3. Results and discussion

The biosensor analysis was focused on providing maximum amount
of information about the content of carboxylic acids in individual wine
samples, in comparison with CE as the chosen standard instrumental
method (details on CE procedures are available in SM). Three electro-
chemical biosensor variants sensitive to carboxylic acids utilised SOX,
FUM/SOX and LOX; the corresponding analytical parameters are
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Table 1
Details on implementation of the SOM algorithm.

Distance metric
Initial learning rate decrease
Effected radius decrease

Squared Euclidean
Exponential decay
Exponential decay

Neighbourhood learning function Gaussian

Map initialization Random - in range of the lowest decile
Pattern drawing Random

Parametrization:

Maximal iterations 15,000

Stopping conditions 10~ 2° weight change over 1000 iterations
Map dimensions 35 x 35

Initial learning rate 0.1

summarised in Table 2. The LOX channel provides 1-lactate contents
with negligible interference from other carboxylates. As regards the
SOX and FUM/SOX options, where enzyme inhibition is employed,
these are sensitive to diverse carboxylates, and thus the exact con-
centrations of individual components cannot be easily obtained for
complex samples. Consequently, such results are conveniently linked to
subsequent chemometric methodologies as PCA and SOM in order to
identify and analyse patterns representing the measured data (Rousi
et al., 2015).

3.1. Analysis of wines using CE

CE provided a comprehensive information both on composition and
quantity of individual carboxylic acids (Table S1). The content and the
ratio of tartaric and malic acids corresponded to the regional expecta-
tions for the south Moravia where grapes ripen (Pavlousek & Kumsta,
2011). In several cases of white wines, the typical higher content of
malic acid in wines was reduced by the malolactic fermentation par-
tially or completely transforming malic to lactic acid. The analysis of
red wines showed very low content of malic acid and high amount of
lactic acid which indicated the completed malolactic fermentation.
Total contents of carboxylic acids ranged from 5 to 9gL™ ' of the
equivalents of tartaric acid (Pavlousek & Kumsta, 2011), which is
usually determined by the acid-base titration to pH 7 according to the
official method OIV-MA-AS313-01:2009. Such values reflect only the
sum of titratable carboxylic groups expressed for convenience as
equivalent of tartaric acid.

The content of volatile acids is predominantly related to acetic acid.
Formic, propionic and butyric acids can be only found in minor levels.
The determination of volatile acids in wines provides information about
the degree of improper fermentation processes during winemaking
(Gonzalez, Hierro, Poblet, Mas, & Guillamon, 2005). For the determi-
nation of total volatile acids OIV recommends the official method OIV-
MA-AS313-02:2009 based on steam distillation and following acid-base
titration to pH 7. Given the dominance of acetic acid, only this com-
ponent was analysed by CE.

3.2. Analysis of carboxylic acids in wine using biosensor

The current trends in design of biosensors are based on unification
of the detection mechanism to simplify the construction. Enzymatic

Table 2
Analytical parameters of the developed biosensors.
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reactions based on oxidases were adopted here; 1-lactic acid served as a
substrate for LOX, other carboxylic acids inhibited conversion of sar-
cosine with SOX. The latter option was further supplemented with co-
immobilised FUM to extend the scope of inhibiting acids. The final step
was always anodic oxidation of enzymatically generated hydrogen
peroxide. Unfortunately, wine contains many compounds electro-
chemically interfering at positive working potentials, hence procedures
reducing interference must be implemented. The perm-selective non-
conductive copolymer barrier probably represents the simplest choice,
it was electrodeposited from o-phenylenediamine and 1,3-resorcinol
(1:1) on the Pt electrode surface (Zeravik et al., 2010). Although, the
copolymer layer formed on the SPE surface reduced the efficiency of the
transport of hydrogen peroxide to 70% compared to the bare electrode,
it sufficiently shielded most of oxidizing interferents.

The LOX biosensor provided levels of i-lactic acid in wines; all nu-
merical concentration values from different methods are summarised in
Table S1. The concentrations were correlated to 1 mM lactate, this
concentration served as a re-calibrator during long-term use of the
biosensor. To obtain more precise data, the wine samples were mea-
sured alone and after the addition of 1 mM lactate and the difference
was further used to determine the initial concentration. The comparison
of the data provided by the LOX biosensor with the data obtained from
CE (Table S1) showed good agreement. The LOX biosensor can be
considered as an equivalent tool for convenient determination of lactic
acid in comparison with the standard procedure as CE.

For other carboxylic acids relevant to wine, the enzymatic methods
are generally based on multiple enzymes coupled to suitable terminal
NAD *-dependent dehydrogenases (Shapiro & Silanikove, 2011). Utili-
sation of these systems in biosensors seems problematic due to com-
plicated electrochemical determination of NADH, and the use of a
single or two enzymes only is preferred (Zeravik, Hlavacek, Lacina, &
Skladal, 2009). Therefore, the choice of the assay based on enzyme
inhibition is an attractive alternative. We previously found that SOX is
reversibly inhibited by malic acid, citric acid, succinic acid, oxaloacetic
acid, acetic acid and formic acid, while in the presence of lactic acid no
inhibition was observed; tartaric acid inhibited SOX much less (Zeravik
et al., 2010). The SOX based biosensor was used for the analysis of the
acidity in wines. In case of wine analysis, SOX is inhibited mainly by
malic acid and comparison of the biosensor and CE pointed to a certain
correlation of the obtained data (Zeravik et al., 2010). In fact, the sum
of carboxylates from CE improved the correlation with the biosensor
inhibition data. The SOX biosensor seems more suitable for on-line
monitoring of various processes such as malolactic or acetic fermenta-
tions. Generally, the biosensor can advantageously indicate when the
content of carboxylic acids is changed. The combination of SOX and
LOX biosensors for on-line monitoring of malolactic fermentation is
preferable; here, the LOX biosensor serves as a control if winemaker
prefers only partial degradation of malic acid (Zeravik et al., 2010).

The main limitation of the SOX biosensor was only weak inhibition
by tartaric acid in comparison to the above mentioned carboxylic acids.
In wine, tartaric acid together with malic acid represent the major
component from the sum of carboxylic acids. The possibility of enzy-
matic conversion of tartaric acid into a compound which can be de-
tected using SOX pointed to fumarase, which provides product with

Biosensor channel LOD! (mM) Working range (mM) Analysis time (min) Repeatability2 (%) Reproclucibility2 (%) Durabili'{y3 (week)
LOX 0.03 0.05-4.5 30 3.8 4.2 12

SOX 0.20 0.6-5.3 30 2.6 5.4

FUM/SOX 0.50 0.8-5.3 30 2.3 2.1 6

1LOD - limit of detection was calculated as average of blank measurements plus 3x standard deviation of the background signal. The repeatability and reprodu-
cibility values were calculated using the software EffiValidation 3.0 (demoversion). Durability was based on continual 24-h measurement. The calibrations and other
parameters for the LOD, SOX and FUM/SOX biosensors were determined using 1 mM lactic acid (LOX) and 2 mM malic acid (the other biosensors).
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Fig. 1. Principal component analysis evaluation of wine samples based on the
concentration of carboxylic acids (acetic, citric, lactic, malic, oxaloacetic, suc-
cinic and tartaric) and determined using capillary electrophoresis. Original data
are in the SM Table S1. Groups (full lines) and subgroups (dashed lines) are
highlighted.

inhibition properties corresponding to malic acid. Thus, the FUM/SOX
bienzyme sensor supplements the LOX and SOX data with information
on the level of tartaric acid. All three biosensors were used for the
analysis of 31 wine samples (Table 3, together with other wine quality
characteristics, and Table S1 providing biosensor and CE data com-
parison). A good agreement between biosensors and CE is apparent and
especially the FUM/SOX version provides wine characteristics better
correlating with CE levels than the SOX biosensor alone (Table S1), as
both main components responsible for the acidity of wine — malic and
tartaric acid are addressed.

3.3. PCA evaluation of the CE and biosensor analysis of wines

The values obtained by the CE and biosensor methods were initially
subjected to PCA analysis. Samples are projected on to new un-
correlated dimensions (principal components, factors) and the largest
variation or difference between objects is extracted. The classification
of South Moravian wines as grouping distribution of carboxylic acids
(acidic character of wine) is chosen as the experimental object. The PCA
score plots of both sets of values are shown in Fig. 1 (CE data) and 2
(biosensor data), respectively.

In case of the CE data in Fig. 1, the PC2 (factor 2) vs. PC1 (factor 1,
related to the malic acids contents) together explained 85.5% of the
variance; the influence of tartaric acid on distribution of wines is re-
flected as fine-tuning of the individual positions. All samples were re-
liably classified in the form of five clusters C; to Cs and six subclusters
sC; to sCe. (Fig. 1).

The formed cluster C; consisted of samples 19rZ and the subcluster
sC; representing samples 9rL, 3rSL and 5rL. Similarly, all (sub)cluster
members are assigned in Table S2. The red, white and rose wine sam-
ples are distributed on three sections in Fig. 1. To the red wines, the
cluster C; belonged. The section of white wines consisted of clusters C,,
C3 and C4 and the rose wine was cluster Cs; unfortunately, Cs re-
presented only one sample 2wrL, thus being insignificant. The PCA
method has shown the sections of white and red wines samples, from
left and right sides of the d, diagonal, respectively.

The subclusters are formed according to the difference of 10
BioCarboxylic Units (BCU, for relationship to other concentration units
see Table S3) represented by organic acids of wine. Thus, the sC;
consists of wines 9rL, 3rSL and 5rL. The differences in values of malic
and lactic acids between two wines can not be more than 10 BCU in
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Fig. 2. Principal component analysis evaluation of wine samples based on the
biosensor analysis. Levels of lactate determined using biosensor with lactate
oxidase, sums of other carboxylic acids measured as inhibition effects on bio-
sensors with sarcosine oxidase and fumarase/sarcosine oxidase channels.
Original data are in the SM Table S1. Groups (full lines) and subgroups (dashed
lines) are highlighted.

order to belong to the subcluster, the assigned wines share similar
characteristics of wine acidity (CWA). Therefore, the subcluster is no-
ticed only when the difference between both of these values of two
wines is less than 10 BCU (Table S3). The continuity and long sequence
(string) of the subcluster is lost if the sequence of wines samples does
not follow the 10 BCU rule (Table S4). The least number of wines
samples in subcluster is 2, the maximum is not limited.

For the biosensor data (Fig. 2), PC1 vs. PC2 together explained
89.41% of the variance and again, all samples were reliably classified.
The variations in the PC1 dimension were related to the level of malic
acids group, PC2 represented lactic acid, similarly as in the previous
case of CE. The presented sample positions were in the form of six
clusters B; to Bg, the 9 subclusters were sB; to sBo, the distribution of
individual samples into (sub)clusters is provided in Table S6.

Wine samples were distributed on three sections as red (cluster By,
3rSL, 5rL, 9rL, 19rZ), white (clusters B,, B3, B4 and Bs) and rose wines
(assigned as the cluster By containing only 2wrL). The red section of
wines took the position from the right side of the diagonal d,. Based on
the positions on the PCA figure and analysis of the BCU levels (Table
S1), the prediction factor 1 can be presented as increased values of
malic acid and decreased values of the lactic acid, respectively from
negative to positive scale on the x-axis. The prediction factor 2 pre-
sented as increased values of lactic acid and decreased values of malic
acid, respectively from positive to negative scale on the y-axis. These
two factors and their combination can serve as an indication of the
finished malolactic fermentation of wines.

The subclusters were again formed according to the rule of 10 BCU
that are presented by organic acids of wine. Thus, the formed subcluster
sB; has wines 3rSL, 5rL. The differences in malic and lactic values be-
tween two wines cannot be more than 10 BCU for the given cluster. The
continuity and long sequence (string) of the subcluster become lost if
the sequence of wines samples do not fill out of the rule 10 BCU (Tables
S7 and S8 corresponding to B; and Bg, respectively), quite similarly as
in the above case of CE analysis (Fig. 1).

The biosensor-based groups B; and B, very closely corresponded to
the C; and C, groups resulting from CE (Figs. 1 and 2); the members of
groups were the same as well as quite similar positions within the PCA
plots. Interestingly, samples from the CE groups C; and C; were
transformed to three groups Bs, B, and Bs; C4 more or less corresponds
to Bs, C3 separated to B; and B,. It seems that here the biosensor
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analysis provides some additional information; the data correspond not
only to concentrations of individual carboxylic acids, but the bio-effect
— the inhibitory properties on the SOX enzyme - can play some role, too.
This effect is not obviously apparent when looking on the raw data,
though the chemometric treatment using PCA emphasized importance
of this biosensing contribution. Overall, both CE and biosensor data
provided similar PCA score plots; this confirms the usefulness of the
simpler biosensor analysis for rapid, possibly on-site, characterization
of wines.

The PCA main clusters derived from the biosensor data (B; to Bg)
were also linked to qualitative wine evaluations. For this purpose,
Table 3 contains a column characterizing “Expected characteristics”
combining general wikipedia.org characteristics derived from the wine
grape brands and local producers. These descriptions appeared rather
general and not reflecting modifications within the production of wines.
The last column entitled “Our description (MM)” provided taste and
flavour descriptions by one of the authors (M. Milovanovich) who is for
some 15 years actively involved in small-scale wine production. The
evaluation of wine taste and aroma on the real analysed samples
(Table 3, the last column) provided some quality characteristics always
shared by several members of the clusters. Thus, the B; wines were
typical for medium tannins and oak/vanilla/flovery bouquets, B,
samples shared high tartness and appeared (semi)dry, B; exhibited
apple taste and flavour, B, members were mostly with higher acidity,
high sourness and some with botrytis bouquet, Bs wines eventually
combined high acidity and apple flavour. These correlations highlight
the usefulness of the chosen approach for providing information re-
levant to the wine quality.

3.4. SOM maps for CE and biosensor analysis of wines

The implementation of the SOM method utilised the architecture of
a trained map containing n cells (or neurons). This can be explained as a
superposition of as many grids of n neurons as the number of de-
scriptors (here, four evaluated acids). All descriptors were used to
characterize each of the objects to be computed (here, 31 samples of
wine). Our matrix was neurons dimensioned in the format 35 X 35. In
that map, results of classification of wines were projected. We used our
custom C implementation of the SOM algorithm. It was trained on the
data set and then projected whole data set on the trained rectangular
grid. U-matrix values were calculated for every trained node and results
were normalized to fit in 8-bit number. A gray scale was then used in
order to identify clusters in our data set obtained from CE (Fig. 3) and
biosensor (Fig. 4) assays, respectively.

The individual sample points were spread over the SOM area
without immediately obvious group formations. However, the red wine
samples SOM; (3rSL, 5rL, 9rL, 19rZ, green dots) in both cases stayed
together within the same black area (high levels) close to the corner of
the maps - bottom right at Fig. 3, and top left at Fig, similarly as C; and
B, groups derived from PCA. Another defined group SOM, consisted of
five samples 4wW, 7wR, 11wSBN, 12wPG and 24wGV (bottom left,
Fig. 3, top middle, Fig. 4), exactly corresponding to both sC, and B,. In
case of the biosensor data, the sample 20wFV was in the same area
(Fig. 4), but completely away in CE SOM, together with 29wSB (Fig. 3,
top right area). The cluster SOM; (2wL), 8wP, 16wPG, 25wSB, 26wCB
and 31wPG (Fig. 3, top left) overlaps with a similar group from bio-
sensor data (Fig. 4, bottom right), where 16wPG and 25wSB are sepa-
rated on a side. The corresponding groups from PCA are C4 (larger) and
Bs (exactly the same members). For the rest of samples, several smaller
groups of corresponding samples can be identified, e.g. (13wWGV, 15wR,
17wMM) ~ sC;, and = sBg, (1WGV, 6wPG) = sC4 and = sB,.

The visualization of the output data based on the non-linear SOM
mostly corresponded to the linear PCA, the discrimination of wines to
red and white types was achieved, only the rose wine was not dis-
tinguished from white wines in the case of SOM; more rose samples will
be required to clarify this situation.
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Fig. 3. Self-organizing map presenting wine samples according to concentra-
tions of carboxylic acids determined using capillary electrophoresis; other de-
tails same as in Fig. 1.

12wPG 11wSBN

1wGV

6wPG 16wPG
8wP

26wChB 25wSB

31wPG

Fig. 4. Self-organizing map presenting wine samples according to biosensor
analysis; other details same as in Fig. 2.

4. Conclusions

The levels of selected carboxylic acids in wine samples were de-
termined using capillary electrophoresis and compared with results
from enzyme-based biosensors. The latter approach utilised screen-
printed amperometric sensors modified with lactate oxidase for direct
assay; alternatively, inhibition of sarcosine oxidase was implemented
for a sum of carboxylates. The SOX biosensor was also used in the
variant with co-immobilised fumarase, which helped to enhance in-
hibitory properties of some target acids. Afterwards, the classification
of the results was successfully carried out using pattern recognition
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techniques based on carboxylic acids contents. The traditional approach
— principal component analysis — separated the samples to group pat-
terns, which appeared quite similar for both CE and biosensor data;
lactic and malic acids played the key roles, suggesting influence of the
malolactic fermentation in wines. PCA derived clusters of samples ty-
pically shared several taste and flavour related characteristics resulting
from wine tasting.

Alternatively, self-organizing map as a type of artificial neural
networks was for the first time tested for wine classification using the
same CE and biosensor sets of data. The classification patterns for both
data were at the first sight rather different; however, closer inspection
and separation to groups and comparison of the member samples again
corresponded for both CE and biosensor types of analysis. Moreover,
several SOM-derived groups were nearly identical to previous PCA
classifications. On the other hand, several samples were not obviously
belonging to any group. After some training period, the SOM approach
provides immediately visible and separated patterns for the classifica-
tion of wine samples. The classification of wines based on carboxylic
acids is a complex procedure, as a level of the components depends on
several factors (grapes type, region, weather, processing).

In summary, the biosensor measurement of carboxylic acids was
successfully realised and it provides a novel method for classification of
wine. Further processing of experimental data using both common
(PCA) and novel (SOM) methods helps to obtain characteristic patterns
correlating with wine tasting results. The simple construction of bio-
sensor and the portable instrumentation make this approach suitable
for field use. The on-site measurement is simply feasible, the following
chemometric classification can be implemented in a portable com-
puter/tablet, or realized in the central unit using the data/results
transfers based on available “internet of things” concepts.
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