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ABSTRACT

In spite of extensive applications of flow modulated comprehensive two-dimensional gas chromatography
(FM-GG x GC) in different research areas, its application in the field of chiral separation is very limited.
From a practical point of view, the establishment of experimental parameters for enantiomer separations
is possibly more demanding in this case. Since the carrier gas flows in both dimensions, it affects not only
the separation parameters, but also the fill/flush volumes of the modulator and its working efficiency. In
this context, a multivariate design of experiment was applied to find the optimum experimental param-
eters of a reversed fill/flush (RFF) modulator for enantiomer separation of organic compounds present in
botrytized wine samples. The results were described both with response surface methodology and artifi-
cial neural networks (ANN). The enantiomeric composition of chiral compounds present in the botrytized
wines was used to identify their geographical origin, by principal component analysis (PCA). In addition,
the developed one-class partial least squares (OC-PLS) model enabled recognition of the wine samples
from the Tokaj wine region with 93% effectiveness in the presence of other samples.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Comprehensive two-dimensional gas chromatography (GC x GC)
with thermal modulation generally dominates all omics studies,
including food aroma characterization and analysis. On the other
hand, continuous improvement of flow modulation technology in
resolution, peak capacity and separation efficiency, supports the
use of flow modulated comprehensive two-dimensional gas chro-
matography (FM-GC x GC) [1]. Currently, three flow modulators are
commercially available for GC x GC analysis, namely a modulator
based on Capillary Flow Technology (CFT), INSIGHT™ modulator
and FLUX™ modulator. The Agilent CFT modulator [2] was devel-
oped based on a three-way solenoid valve and introduced in two
arrangements: forward fill/flush (FFF) and reversed fill/flush (RFF).
The RFF modulator was modified to overcome limitations of the
FFF modulator, such as increased baseline and tailing in the sec-
ond dimension (2D) for high concentration components, as well as
incomplete flushing of effluent from modulator capillary [3]. This
was achieved through an additional bleeding capillary and down-
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up direction of the mobile phase during the flush phase [4]. Thus,
2D peaks with a 135-147 ms baseline width was obtained for do-
decane at 1-6 s modulation time [5]. Reversed fill/flush dynamics
were also applied to the SepSolve INSIGHT™ modulator, consisting
of a single 7 port microchannel plate with a variable volume sam-
ple loop [6]. Dubois et al. [7] showed satisfactory results for base-
line peak width (200-460 ms) and average tailing factor (1.16) for
analysis of light volatile organic compounds. Recent developments
in the fluidic modulator based on a solenoid valve [8] have led to
introduction of the FLUX™ modulator by LECO [9]. This modulator
enables fast separation in the second dimension (a 700 ms modu-
lation time) to achieve 240 ms 2D peaks for major compounds in
wines [10].

One of the limitations of exploiting the FM-GC x GC is the need
for a more precise assignment of experimental conditions com-
pared to thermal modulation. Overall, higher flow in the 2nd di-
mension (flush flow) over that in the 1st dimension (fill flow)
is recommended for non-focusing modulators [11]. This enables
compression of a peak slice and reduction of peak skewing in
the second dimension. Several researchers have attempted to es-
tablish optimal experimental conditions with multivariate experi-
mental design. For example, Valllejo et al. [12] combined a full-
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factorial experimental design with a screening step and central
composite design at the optimization step for analysis of octyl-
and nonylphenol isomers. In this case, peak symmetry, blob num-
bers and blob volumes were selected to define statistically sig-
nificant experimental parameters (a 95% confidence interval) for
the FFF modulator. Similar studies have been performed for anal-
ysis of hydrocarbons in lithic materials [13], volatile organic com-
pounds in almonds [14] and terpenes in essential oils [15]. These
also included a simplex approach for integrative optimization of
some of the terpene responses. A simplex design was initially
tested to achieve maximum distribution of C6-C12 aromatic hy-
drocarbons in the 2D separation space with the identical modu-
lator [16]. Information entropy and synentropy percent were de-
fined as the main parameters to determine flows in both dimen-
sions and the temperature gradient. Synentropy percent was thus
described by a quadratic model characterized with two maxima at
3D plot. Boegelsack et al. [17] compared Box-Behnken design and
Doehlert design for optimization of FM-GC x GC for ignitable lig-
uid residue analysis. Influence of inlet pressure, oven ramp and
modulation period on average resolution in both dimensions and
percent usage of the separation space were presented with re-
sponse surface plots, indicating some differences in optimum be-
tween the designs. Furthermore, the authors used a Box-Behnken
design for estimation of restrictor parameters for a time-of-
flight mass spectrometer (TOFMS) and a flame-ionization detector
(FID).

The importance of the calculation of fill and flush distances for
carrier gas during one modulation cycle has been highlighted by
Lelevic et al. [18], who demonstrated that total modulation dis-
tances should be comparable to a length of the modulation chan-
nel in order to exclude peak tailing for the FFF modulator. A pneu-
matic model has recently been presented to predict hold-up times
and to define parameters of a bleed capillary of the RFF modula-
tor [19]. In the case of a too restrictive bleed capillary, the authors
showed the presence of a broad unmodulated peak in the second
dimension as well as a retention time shift for the corresponding
coeluted modulated peaks . On the other hand, loss of the first
dimension (D) effluent could be observed through a bleed capil-
lary for a prolonged modulation period with inappropriate instru-
mental parameters [5]. A retention model was suggested by Burel
et al. [20] to predict retention times for FM-GC x GC. Calculations

Table 1
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showed average errors of 0.44 and 2.2% for the !D time and 2D
time, respectively.

At the same time, a limited number of papers have been pub-
lished on chiral analysis, which are mainly focused on the char-
acterization of essential oils [21-23]. The advantages of enantiose-
lective GC x GC research have been previously highlighted in wine
analysis [24-27]. For example, enhanced separation efficiency of
GC x GC improved precision in evaluation of enantiomeric distri-
bution in complex samples, due to resolved coelutions with the
second dimension. In our study, the multivariate optimization ap-
proach was tested to find optimal experimental parameters of the
flow modulator, suitable for enantioselective evaluation of botry-
tized wines. The study also included artificial neural networks as
a non-linear multivariate tool to describe a response surface for
multivariate optimization.

2. Materials and methods
2.1. Chemicals, materials and samples

A mixture of alkanes (C7-C30) used for calculation of retention
indexes was purchased from Supelco (Belleforte, PA). The standards
of whiskey lactone, diethyl malate, 2,3-butanediol, a-terpineol,
linalool, linalool oxide, terpinen-4-ol, ethyl lactate, y-nonalactone,
butanoic acid 2-methyl-ethyl ester, butanoic acid 2-hydroxy-
3-methyl-ethyl ester, as well as pure enantiomers (S)-(—)-
diethyl malate, (2R,3R)-(-)-2,3-butanediol, (R)-(—)-linalool, (S)-
(+)-terpinen-4-ol, (S)-(-)-ethyl lactate, (R)-(+)-y-nonalactone,
(R)-(+)-limonene, (S)-(-)-limonene, (S)-(—)-B-citronellol, (R)-
(+)-B-citronellol, (+)-rose oxide, (-)-rose oxide, and isomers
of nerol, geraniol and trans-whiskey lactone were supplied by
Sigma Aldrich (St. Louis, MO). R—(+)-a-terpineol and ethanol
were provided by Fluka Chemicals (Fluka, Buchs, Switzerland) and
Mikrochem (Pezinok, Slovakia), respectively. Organic solvents like
hexane, dichloromethane and methanol were obtained from Merck
(Darmstadt, Germany) and VWR Chemicals BDH (Gdansk, Poland).

Extraction was performed with SPE cartridges packed with
200 mg of LiChrolut EN resins in 3 mL polypropylene columns
(Merck, Darmstadt, Germany).

Table 1 shows a list of analyzed wine samples as well as the
codes used in the study. Botrytized wine samples (SK1-SK6, HU1-

List of the analysed wine samples showing geographic origin, wine type and vintage.

No.  Manufacturer Type Vintage  Country Code
1 Zlaty Strapec 3 putia selection 2014 Slovakia SK1
2 Zlaty Strapec 4 putia selection 2008 Slovakia SK2
3 Zlaty Strapec 5 putna selection 2009 Slovakia SK3
4 Zlaty Strapec 6 putia selection 2009 Slovakia SK4
5 Zlaty Strapec 6 putnia selection 2014 Slovakia SK5
6 Tokaj & Co 6 putna selection 2009 Slovakia SK6
7 Sajgb Pincészet Aszu 3 putia 2008 Hungary  HU1
8 Sajgb Pincészet Aszu 5 putiia 2006 Hungary  HU2
9 Sajgd Pincészet Aszu 6 putiia 2013 Hungary  HU3
10 Simké Pincészet Aszu 3 putia 2013 Hungary  HU4
11 Simké Pincészet Aszu 4 putia 2013 Hungary  HU5
12 Simké Pincészet Aszu 5 putiia 2013 Hungary  HU6
13 Simké Pincészet Aszu 6 putia 2014 Hungary  HU7
14 Simké Pincészet Aszu Eszencia 2008 Hungary  HUS8
15 Way Fine & Provin Muscat semi-sweet wine 2019 Hungary  HU9
16 Cotnar Hills Vineyard Muscat wine 2015 Ukraine UA1
17 Cotnar Hills Vineyard ~ Muscat wine 2017 Ukraine UA2

18 Wenzel Ruster Ausbruch - Am Fusse Des Berges 2006 Austria AT1
19 Wenzel Ruster Ausbruch - Am Fusse Des Berges 2007 Austria AT2
20 Wenzel Ruster Ausbruch - Saz 2005 Austria AT3
21 Wenzel Ruster Ausbruch - Saz 2007 Austria AT4
22 Feiler-Artinger Ruster Ausbruch 2017 Austria AT5
23 Feiler-Artinger Ruster Ausbruch - Essenz 2007 Austria AT6

24 Feiler-Artinger

Ruster Ausbruch - Gelber Muscat 2015

Austria AT7
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HU7, UA1-UA2, AT1-AT5, AT7) and essences (HU8, AT6) included in
the study originated from the Tokaj region in Slovakia and Hungary
and the Austrian region of Burgenland. Two samples represented
Muscat semi-sweet wines produced in the territory close to the
Tokaj region. A 10-times diluted extract of UA2 sample (2017, Mus-
cat wine, Cotnar Hills Vineyard, Ukraine) was used for optimization
with central composite design.

2.2. Sample preparation

Solid-phase extraction was performed accordingly to the pro-
cedure described in [28]. The LiChrolut EN cartridges were condi-
tioned with 4 mL of dichloromethane, 4 mL of methanol, and 4 mL
of a water-ethanol mixture (12%, v/v). 50 mL of the wine sample
was used at the extraction step and analytes were recovered by
elution with 1.3 mL of dichloromethane.

2.3. GC x GC-MS/FID analysis

Flow modulated GC x GC-MS/FID analysis was performed on
an Agilent 7890A Gas Chromatograph (Agilent Technologies, Santa
Clara, CA, USA) equipped with a reverse fill/flush (RFF) modula-
tor (Agilent Technologies, Santa Clara, CA, USA). Rt-BDEXse chi-
ral column (30 mx0.25 mm x 0.25 pm, Restek, USA) was se-
lected as the 'D column and connected via the RFF modulator to
an HP-INNOWAX 2D column (5 mx 0.25 mm x 0.15 um, Agilent
Technologies, Santa Clara, CA, USA). The chiral column included a
2,3-di-O-ethyl-6-O-tert-butyl-dimethylsilyl-8-cyclodextrin station-
ary phase. A bleeding capillary (5 m x 100 pm ID) was attached to
the modulator to support the carrier gas direction. Flush time of
modulator was set to 0.11 s.

A volume of 1 pL of the extract was injected into a splitless
injector heated at 220 °C. The initial temperature of the oven pro-
gram was set to 40 °C with a hold time of 10 min. The temperature
was then raised to a maximum of 220 °C with a 2 °C/min gradient
and kept for 15 min. The measurements were carried out with a
constant flow of helium (99.999%) over 115 min. The parameters
that varied during optimization, like modulation time, and carrier
gas flows in both dimensions (D and 2D), are shown in Table 2.
The wine samples were analyzed at 5 s modulation time, with a
1D flow of 0.61 mL/min, 2D flow of 28 mL/min.

After leaving the secondary column, the eluent was directed
to a three-way splitter. A 0.5 m x 100 pm ID restrictor and a
1.2 m x 250 pum ID restrictor were connected to quadrupole MS and

Table 2
Experimental conditions of central composite design.
Run Block MT, (s) 1F, mL/min 2F, mL/min
1 1 3.50 0.60 20.00
2 1 3.50 0.80 26.00
3 1 4.50 0.60 26.00
4 1 4.50 0.80 20.00
5 1 4.00 0.70 23.00
6 2 3.50 0.60 26.00
7 2 3.50 0.80 20.00
8 2 4.50 0.60 20.00
9 2 4.50 0.80 26.00
10 2 4.00 0.70 23.00
11 3 3.00 0.70 23.00
12 3 5.00 0.70 23.00
13 3 4.00 0.50 23.00
14 3 4.00 0.90 23.00
15 3 4.00 0.70 18.00
16 3 4.00 0.70 28.00
17 3 4.00 0.70 23.00

MT - modulation period; 1F - carrier gas flow in 1st dimension; 2F - carrier gas
flow in 2nd dimension.
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FID, respectively. The FID was operated at a temperature of 250 °C
at a 100 Hz data acquisition rate. The temperatures of qMS and MS
source were set to 180 °C and 300 °C. The mass spectrometer was
operated at an acquisition rate of 12.75 spectra/s in the 40-400m/z
range.

The processing of the chromatograms was primary performed
with GC Image software version v. 2.1. (Zoex Corporation, Hous-
ton, TX, USA), and MSD ChemStation software (version F.01.01.2317,
Agilent Technologies, Santa Clara, CA, USA) with NIST17, FENSC2,
MPW2007 and W9IN11 databases. Identification of the compounds
and elution order were confirmed with injection of standard com-
pounds and pure enantiomers.

Enantiomeric composition of the chiral compounds was calcu-
lated based on GC x GC-FID data using the following equation:

Ai
ER_ZA

where A; represents area of modulated peaks of the dominant
enantiomer and XA is total area of all enantiomers of the same
compound. RSD values of area of dominant enantiomer ranged
from 0.12 to 8.81% for SPE extraction and from 0.24 to 14.47% for
GC x GC-FID injection.

x 100% (1)

2.4. Statistical evaluations

The optimizations of 1D flow, 2D flow and modulation period
were established using a central composite design method. The ex-
perimental conditions varied in the range from 3 to 5 s for mod-
ulation time, from 0.5 to 0.9 mL/min for 'D flow, and from 18 to
28 mL/min for 2D flow (Table 2). The peak tailing at 10% of peak
height was evaluated with MSD Chemstation Data Analysis soft-
ware (Version F.01.01.2317, Agilent Technologies, Santa Clara, CA,
USA). Average 2D peak tailing of the modulated peaks related to
the target compounds was used for model estimation. The second
parameter applied for the multivariate optimization was a sum of
2D peak areas of the target compound.

The obtained data were processed with Design of Experiment
(DoE) module of the statistical software Statistica® (version 10.0).
Pareto charts were used for evaluation of statistically significant ef-
fects (p = 0.05). The responses were first assessed with a second
order polynomial function:

k k k
y=PBo+) Bxi+) Bixi + ) Bixixj+e (2)

i=1 i=1 1<i<j

where By is an overall mean effect; 8;, B; and B;; represent the
coefficients of the first order, quadratic and interaction terms, re-
spectively and ¢ is a random error component.

Artificial neural networks were applied to describe a rela-
tion between experimental parameters and responses (R1-R14).
The calculations were performed with Matlab 2019a interface
for multiple surface response optimization by artificial neural
networks.

In order to carry out a preliminary evaluation of the data
according to geographical origins, exploratory analysis was per-
formed by principal component analysis with previously normal-
ized data. One Class - Partial Least Square (OC-PLS) was used for
rigorous one class classification, where Tokaj samples (both Slovak
and Hungarian) were considered as a target class. The sample set
was divided into target samples and the unknown samples using
the Kernnard-Stone approach [29]. All calculations were carried out
in MatLab 2019a environmental using PCA toolbox, OCPLS toolbox
[30] and VStoolbox.
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Fig. 1. Pareto charts for peak area responses of the selected volatile organic compounds. The reference lines indicate the p = 0.05 threshold for statistical significance effects.

can be seen in Fig. 3. The selected samples (Table 1) were pro-
duced in the Tokaj wine region (from both Slovakia and Hungary)
and the Burgenland wine region (Austria). Production of these
high-quality sweet wines requires a number of factors [33]; one of
the most important is its specific climate conditions, favoring fer-
mentation of grapes by Botrytis cinerea. Additional enzymatic pro-

cesses that take place in rotting grapes affect color and aroma of
the wine as well as the alcoholic and malolactic fermentation.

The selected chiral compounds belong to esters (ethyl lac-
tate, diethyl malate, ethyl-2-methylbutyrate, ethyl 2-hydroxy-3-
methyl butanoate), terpenoids (linalool oxide, nerol oxide, linalool,
a-terpineol, terpinen-4-ol, B-citronellol, hotrienol) and lactones
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Fig. 2. A. 3D response surface plots (A) and contour plots (B) showing the effects of independent variables on desirability function. Factor 1 - Modulation time, s; Factor 2
- 1D carrier gas flow, mL/min; Factor 3 - 2D carrier gas flow, mL/min.

(S)—(-)-Ethyl lactat

(R)~(+)-Ethyl lactate

2p, s
e s

[T T L L T O L O L O L I L L T

11 Ethyl-2-methylbutyral

| Ethyl-2-methylbutyrate

vy

odooh ¥ farh ' st ! b ' falerh ' fadssh ©C fadod © esth b fodkeh * fesrd t ! fsled ' fed el
Column [

11 Ethyl 2-hydroxy-3-methyl butanoate

| Ethyl 2-hydroxy-3-methy| butanoate

11 Hotrienol
| Hotrienol
(8)~(+)-Linalod|

trans Linalool oxide

1D, min

=
/ = e
‘ cis Linalool oxidk ‘(R)‘(*')' -Terpineol

is Whiskey lactone

|

otrans Whiskey lacton

|

| Nerol oxide
G Il Nerol oxide

(S)~(-)-a-Terpineol

U et ' fodsod ' foooob ! fobabr ! ! ohade ! ! fushads !
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Table 4
ANN based optimization statistical summary. IS NN o oD =
Dl —F 10O F—=00FnNoN——— —
Response Architecture R? aCV(%) Lack of Fit
- o
1 3111] 0.99 1.787 0.076 S|¥8s8S8 %88
2 351] 0.94 7.080 0.030 o
3 [351] 0.82 15.760 0.369 N S R P -
4 371] 0.96 6.680 0.005
5 [351] 0.84 17.857 0.215 § 2a-38xQ QBS‘»?@E% a2y
6 [371] 0.98 4910 0.671 - -
7 371] 0.99 3.080 0.679 Dl e oo o e e 5D o
8 [351] 0.87 5.940 0.875 < = INTFNN ——ANnN TN F——mn O
9 [3131] 0.96 1.842 0.894 ¥
10 [341] 0.87 13.476 0.944 2 IRLERRR__RREFEAx2IQ
11 381] 0.79 7.102 0.461 - °
12 [361] 0.76 9.128 0.653 2S8R __ARBEEE=S_GR
13 [3131] 0.97 2.377 0.930
14 [3131] 0.93 2.388 0.996 Flcororowo—mnnn~m=o
| ONO~NANNIN — 00 FINNAN ——_—
*coefficient of variance; R? -- coefficient of determination; bolded coefficients are —
statistically significant (p < 0.05). 2| RS ERR Y RS2
[=2]
2looa O MNN =0 =0 AN 0
T INMO0OMMNMOUOAIOIMWOLOM I OM
(whiskey lactone and y-nonalactone). In spite of the coelution of o
enantiomers of hotrienol and nerol oxide on the chiral column, 2R RT 8 3 __3ezas
these compounds were successfully separated in the second di- ~
mension with the polar HP-INNOWAX column. PN RR3IC2IBLI8T8Y
A few compounds such as terpinen-4-ol, B-citronellol, y- ©
nonalactone and rose oxide were excluded from further data pro- R8T eI NNR2285R252852
cessing (Table 5), due to the presence of one enantiomer in "
the samples. For example, (S)-(+)-terpinen-4-ol and (R)-(+)- 8- el Bl I S - N
citronellol prevailed in Muscat semi-sweet wines (UA1 and UA2) <
produced in the territory located in the Ukraine, historically closed BN eR e~ NR58Y8535
to Tokaj region. Rose oxide, (+)-enantiomeric form was identified o~
in UA1 and AT7, representing the sample produced from the Mus- PRI 8RR°305__852382%
cat grape variety grown in the Burgenland wine region. This result ~
could be related to the biotransformation of terpenes under influ- 2225253308 _®N228%
ence of Botrytis cinerea [34]. On the contrary, y-nonalactone com- -
pounds were not identified in UA samples; they appeared as (R)- P52 5RNS828 938985
(+)-form in the most of studied botrytized wine samples, expect © o
. . . ~ — Rl
for a racemic mixture in AT5 (Ruster Ausbruch, 2015). As reported 3| 520802 R80a—-—-8=8J8H
previously in [35,36], an increased content of y-nonalactone is n
. . . M|Too—w©< < SO YOYO
typical of botrytized wines. A O =AMNRE——00 ——<11® =N
The results for the other chiral compounds are summarized in % No@ R ©y arnneg
Table 5. A ratio between trans and cis stereoisomers for linalool - -
oxide and whisky lactone was also included in the evaluation. The Clcoawnar ~ ©Y BN O
R . A Ao~ OINF ——0D ——FINNAN DD
compounds were detected only in one enantiomeric form and a
trans/cis ratio was tested as an additional tool for botrytized wine vE |8 emB3RE T8 __23RR9%
comparison. Contrary to our expectations, there was no signifi- g _
cant difference between the samples with respect to geographi- SH |8« BRA__2F __BHRITA
cal origin. A majority of the samples were described with simi- “
ar dominance of one of stereoisomers for ethyl 2-methylbutyrate EQ|333835358233388338¢z
(67-100%), ethyl 2-hydroxy-3-methyl butanoate (60-100%) and 5 -
hotrienol (67-95%). In contrast to SK and AT samples, linalool was | EE|lvorto—vaonono oo
. . . 2|l L|RVRNSNNAT RS- RN KA
present in most oflthe HU samplgs. A c'iommance of (8)-(+)-linalool Fled|dsesCeundddgdonngg
(62-80%) was mainly observed in this case, except for UA2 and 3 o O B O o e
AS2, which were characterized with a racemate. Another racemic g = § § § g TERRRANRNANNSEEAN
mixture was found for nerol oxide, which was not present in any °
of the SK samples. v SO0 o .
Muscat semi-sweet wine (HU9) produced in the Hungarian part < _ER8SE0 . 02 __8%
of the Tokaj wine region showed some differences in compari- 2
son to the local botrytized wines: a racemic mixture for ethyl 2- = =
. = =
hydroxy-3-methylbutanoate and a dominance of (R)-(+)-ethyl lac- z £ <
tate, both having previously been reported for varietal wines from o = o
. . . . . X ! é
Slovak part of Tokaj region [27]. These findings are inconsistent o 2 o g %’ ol
with those of the UA Muscat samples, where (S)-(-)-ethyl lactate I S g 2 o = © © £
. = 2|g & B - = g8 2g=< 5§
prevailed. - 51T 8 s 5 & E = - 2
. . o o —_ o
Although the essence samples (HU8 and AT6) did not contain w g 2= = £ 2 £ 3 5 =52 5
linalool, similar to the SK essences [27], other terpenoid h 22| 8|2 £§E £ £ 2 g % £33 |*%
, ) penoids suc 2 2 S|l & 3 3 T =z 3 &322 .
= 22

as «-terpineol and linalool oxides were present in both samples.
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Fig. 5. OC-PLS model results: (A) optimal latent variable (LV) selection using acceptance area obtained in the training stage. OC-PLS plots of score distance vs. absolute
centered residual (ACR) for training (B) and test (C) samples. The green lines are the limits of the acceptance area defined at 95% statistical confidence. The blue, red and

yellow squares are the true positives, true negatives and false positives, respectively.

Our analysis showed some differences between the samples, e.g.
absence of nerol oxides and dominance of (S)-(-)- «-terpineol in
HUS8. A similar situation with (S)-(-)-stereoisomer of «-terpineol
was observed for a majority of the botrytized wines. A few samples
(mainly AT botrytized wines) were characterized with a racemic
mixture like the AT essence (AT6). An alteration in the technology
for essence production, in contrast to the botrytized wines, should
be noted. In this case, juice of botrytized berries obtained by grav-
ity pressing during harvest season were used in the fermentation
process [37]. According to our results, a variance between the se-
lected essences and botrytized wines was mainly connected to the
presence of linalool.

The data obtained were further processed with exploratory
analysis by principal component analysis (PCA). As can be seen in
Fig. 4A, a bi-dimensional score plot with around 50% of explained
variance, showed a good segregation of the samples according to
their geographical origin. SK and HU samples, in the figure, are
characterized by an overlap, related to the geographical proxim-
ity of both wine regions. Historically, this was one wine region; it
was divided in 1918 between Slovakia and Hungary. This group of
vineyards is located in the central region of the plane defined by
PC1 x PC2. Some of the other samples came from a more periph-
eral region. The loading graph shows linalool as the main param-
eter for distinction of the UA samples from other samples. The AT
botrytized samples, on the other hand, were primary defined with
hotrienol, whiskey lactone and ethyl 2-methylbutanoate (Fig. 4B).
Overall, no significant dominance of any enantiomer of ethyl 2-
hydroxy-3-methyl butanoate and ethyl-2-methylbutyrate was ob-
tained. Further observations would suggest separation of the AS
samples according to the producer. All botrytized wines (AT1-AT4)
from Wenzel winery were located at the right top corner of the bi-

dimensional score plot (Fig. 4A). The samples (AT5-AT7) produced
by Feiler-Artinger winery required additional features to be com-
pared.

At the same time, the data obtained were tested with the one-
class partial least squares (OC-PLS) model. Six latent variables were
sufficient to describe the rigorous OC-PLS model used for evalua-
tion (Fig. 5A). At the training step, 10 Tokaj samples out of 15 were
selected by the Kennard-Stone algorithm (Fig. 5B). The latent vari-
ables were defined by the acceptance area for the samples of the
target class. Consequently, all samples were assigned to target class
and the model reached 100% efficiency in the training stage.

Following this, Tokaj and non-Tokaj samples were evaluated as
a test set. As can be seen in Fig. 5C, all five samples from the
Tokaj region fell within the acceptance area, which confirmed ef-
fectiveness of the model effectivity. Further analysis showed that
the model was also useful for recognition of non-Tokaj samples.
Only one case was misclassified (highlighted as a yellow square in
Fig. 5C). Overall, sensitivity, specificity and efficiency for the test
step were estimated as 100%, 90% and 93%, respectively.

4. Conclusions

A combination of response surface methodology and artificial
neural networks was applied for evaluation of optimal conditions
of the RFF modulator for FM-GC x GC analysis of wine samples.
The results of this study indicated a problem in describing the re-
sponses with least square methodology, especially for 2D peak tail-
ing. According to Pareto charts, the linear and quadratic terms of
experimental parameters, such as modulation time and carrier gas
flows in both dimensions, were statistically significant (p<0.05) for
peak area response. Thus, ANN was selected as a nonparametric
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tool for non-linear multivariate modeling and optimization. Chiral
analysis of the botrytized wines was consequently performed un-
der the optimized experimental conditions. Although a significant
difference between the samples from different geographic origins
was not established, a few tendencies in terpenes and terpenoids
related to production technology were observed. In contrast to
the botrytized wines, stereoisomers of linalool were not found in
essences from either wine region. A smaller number of chiral ter-
penoids was observed for the samples from the Slovak part of the
Tokaj region; this indicates variations in winemaking technologies
between the wineries. Exploratory analysis by PCA enabled effi-
cient identification of the Tokaj wine samples based on the results
for enantiomeric distribution. The Ruster Ausbruch samples were
separated accordingly to wine producer. In addition, the OC-PLS
model was successful in recognizing Tokaj samples, with 100% ef-
ficiency at the training stage. 93% efficiency and 90% specificity of
the model were achieved with the testing set in distinguishing of
the target group in the presence of non-Tokaj samples.
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