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a b s t r a c t

Several methods have been developed for the analysis of substituted pyrazines and related substances
in potato chips. Following separation/detection approaches (all employing head-space solid phase
microextraction, HS-SPME, for volatiles sampling), have been critically assessed in our study: (i) gas
chromatography–ion trap mass spectrometry (GC–ITMS), (ii) gas chromatography–time-of-flight mass
spectrometry (GC–TOFMS); (iii) comprehensive two-dimensional gas chromatography–time-of-flight
mass spectrometry (GC × GC–TOFMS). Although in none of the tested systems full chromatographic reso-
eywords:
yrazines
olatiles
otato chips
olid phase microextraction
omprehensive two-dimensional gas

lution of some isomeric pairs could be achieved, the use of GC × GC–TOFMS offered the best solution,
mainly because of distinctly lower limits of quantification (LOQs) for all of 13 target alkylpyrazines.
In addition to good performance characteristics, a non-target screening and tentative identification of
altogether 46 N-containing heterocyclic compounds (pyrazines, pyrrols, pyridines, pyrrolidinones, and
tetrahydropyridines) was also enabled.
hromatography (GC × GC)
ass spectrometry

. Introduction

A wide range of reactions occurs during thermal processing of
ood commodities. Depending on various factors, including tem-
erature, time, pH value, etc., many products are formed from
recursors present in a particular raw material. On this account,
haracteristic flavour and colour originate, also the texture and
utritional value of the product are influenced by heat-treatment.
aillard reaction between carbonyl and amino compounds, taking

lace at elevated temperatures (>80 ◦C), is responsible for many of
hese changes [1]. Besides of health promoting compounds such as
ntioxidants, antinutritive and even toxic substances can be formed
ia Maillard reaction [2–6]. At the beginning of this century, the
resence of acrylamide, compound classified by the International
gency for Research on Cancer (IARC) as “probable human carcino-

en” (2B) [7], was documented in various heat processed cereal and
otato-based foodstuffs [8,9].

Numerous studies aimed at elucidation of acrylamide formation
howed that a reaction between reducing sugars and asparagine is
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the main pathway yielding this processing contaminant [10]. Potato
chips were found to be a main dietary source of acrylamide, there-
fore the need to control its level in this commodity is important.
It should be noted, that analysis of acrylamide (LC–MS/MS meth-
ods is most often employed) in complex matrices such as food is
rather cost and labour demanding, an intensive purification of crude
extract is necessary to obtain low detection limits [11].

To overcome these difficulties, the possibility to implement
a simple, high throughput procedure enabling to monitor some
volatile markers of acrylamide formation, was searched. In pre-
liminary model experiments, the release of alkylpyrazines, typical
volatile products of Maillard reaction, was shown to correlate
with acrylamide formation [12]. On this account, comprehensive
research focused on the analysis of volatile fraction of potato chips
can serve as an alternative strategy of acrylamide control.

A wide range of approaches has been used for this purpose.
The isolation of volatiles, prior to gas chromatography employing
either a flame ionisation detection (FID) or a mass spectromet-

ric (MS) detection, can be carried out as follows: (i) extraction
by means of Likens-Nickerson [13,14] or Soxhlet apparatus [15];
(ii) high-vacuum distillation supported by the solvent-assisted
flavour evaporation (SAFE) technique [16]; (iii) dynamic or static
head-space technique [3,14]; (iv) purge-and-trap technique [15].

http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
mailto:jana.hajslova@vscht.cz
dx.doi.org/10.1016/j.aca.2009.03.036
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urprisingly, none of the studies concerned with potato chips
olatiles employed solid phase microextraction (SPME) tech-
ique for extraction/pre-concentration of these compounds. This

nexpensive, solvent-free sampling technique enables convenient
solation of a wide range of low molecular weight analytes by their
xtraction from sample head-space and their concentration on the
bre coating [17].

In our study, a SPME method for the head-space sampling
f alkylpyrazines and other volatile compounds emitted from
otato chips, was optimised and validated. GC coupled to an

on trap MS detector (GC–ITMS) and also comprehensive two-
imensional gas chromatography coupled to a time-of-flight MS
etector (GC × GC–TOFMS) were used for the identification of the
arget analytes. The comparison of performance characteristics of
he above approaches as well as discussion of the benefits of the
C × GC–TOFMS are presented in this paper.

. Experimental

.1. Chemicals, materials, and standard solutions

Alkylpyrazines (2-methylpyrazine, 2,5-dimethylpyrazine, 2,6-
imethylpyrazine, a mixture of 2-ethyl-5-methylpyrazine and 2-
thyl-6-methylpyrazine, 2,3,5-trimethylpyrazine, 2,3-diethylpyra-
ine, a mixture of 2-ethyl-3,5-dimethylpyrazine and 2-ethyl-3,6-
imethylpyrazine, 2,3,5,6-tetramethylpyrazine, 2,3-diethyl-5-me-
hylpyrazine, 2-butyl-3-methylpyrazine and 2-n-propylpyrazine)
ere purchased from Pyrazine Specialties, INC. (Atlanta, USA).
ethanol was supplied by Merck (Darmstadt, Germany) and puri-

ed water was prepared using a Milli Q RG apparatus (Millipore,
SA). The stock solutions of individual pyrazines (1–2 mg mL−1)
ere prepared by dissolving these compounds in methanol. The

tock solutions were stored at 4 ◦C. A mixed standard of all pyrazines
n methanol (47–104 �g mL−1) was prepared from the individual
tandards solutions. The calibration standards were prepared at
ix concentration levels by dilution of the mixed stock solution
n methanol (1:2, 1:5, 1:10, 1:50, 1:100, and 1:500; v/v). The cali-
ration curve was measured in the presence of the matrix (potato
hips). For this purpose, 5 �L of the standard solution were added to
.5 g of moderately fried (5 min/160 ◦C) potato chips, tested before-
and for the absence of pyrazines.

.2. Sample preparation and SPME conditions

A mixed standard of pyrazines for GC optimization was prepared
y adding 5 �L of the mixed standard solution in methanol into a
0 mL head-space vial containing 5 mL of distilled water.

.2.1. Commercially prepared samples
A portion of 1000 g of potato slices was fried in the deep fryer

110 L of refined rape oil, the temperature of oil bath before start
f frying was ca. 162 ◦C). Approximately 50 g of sample was taken
fter 2.5 and 6 min of frying. The ground sample was stored in a
losed vessel.

.2.2. Lab-fried samples
A portion of 400 g of potato slices was fried in the deep fryer

4 L of rape and sunflower oil mixture, the temperature of oil bath
efore start of frying was ca. 160 ◦C). Approximately 50 g of sample
as taken after 5 and 20 min of frying. The ground sample was
tored in a closed vessel.
A portion of 1.50 g of ground chips was placed into a 10 mL head-

pace vial and capped.
Ten milliliters head-space vials (Sigma–Aldrich, USA) were

leaned using sonication in water with detergent, purified water
a Acta 641 (2009) 101–109

and acetone (20 min each). Clean vials were dried at 220 ◦C for 4 h,
and then stored covered with an aluminium foil.

Four different fibres – 65 �m carbowax/divinylbenzene
(CW/DVB), 100 �m polydimethylsiloxane (PDMS), 65 �m poly-
dimethylsiloxane/divinylbenzene (PDMS/DVB), and 30/50 �m
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
– purchased from Supelco (USA), were tested for the head-space
sampling of volatile compounds from potato chips.

New fibres were conditioned for 4 h in a GC injector accord-
ing to the manufacturer’s recommendations. Short conditioning
(30 min/250 ◦C) and a blank run of the fibre were carried out daily
before its use for sampling.

Incubation of samples was performed for 5 min at 30 ◦C, fol-
lowed by 60 min (GC–ITMS) or 15 min (GC–TOFMS, GC × GC–
TOFMS) sorption using an SPME fibre, and 5 min (GC–ITMS) or 2 min
(GC–TOFMS, GC × GC–TOFMS) desorption at 250 ◦C.

2.3. Instrumentation

2.3.1. GC–ITMS system
A gas chromatograph Trace GC 2000 (Thermo Quest, USA)

equipped with an ion trap mass spectrometric detector POLARIS
Q (Finnigan, USA) was used for identification and quantification of
the analytes. Automated HS-SPME was performed using a CombiPal
multipurpose sampler (CTC Analytics, Switzerland).

2.3.1.1. GC–ITMS conditions. An HP-VOC fused-silica capillary col-
umn 60 m × 0.2 mm, 1.1 �m (Agilent, USA) and helium as a carrier
gas (1 mL min−1) were used.

Set-up A (initial experiments): The column was held at 40 ◦C for
5 min, the oven temperature was then programmed up to 120 ◦C at
a rate of 3 ◦C min−1, then up to 260 ◦C at a rate of 6 ◦C min−1 (GC run
time was 55 min).

Set-up B (follow-up experiments): The column was held at 40 ◦C
for 5 min, the oven temperature was then programmed up to 120 ◦C
at a rate of 15 ◦C min−1, then up to 150 ◦C at a rate of 1.5 ◦C min−1

and finally up to 260 ◦C at 10 ◦C min−1 (GC run time was 41 min).
The injector was operated in splitless mode using 5 min desorp-

tion time. The temperature of the injection port was set at 250 ◦C.
The GC transfer line was maintained at 275 ◦C, the temperature of
ion source was held at 200 ◦C. The filament emission current was set
at 250 �A. Mass spectrometer operating in the electron ionisation
(EI) mode was set to the segment scan detection mode using fol-
lowing segments: m/z 25–80, 81–110, 111–155, 156–200, 201–300,
and 301–450.

Data collection and processing was performed by means of the
software XCALIBUR, version 1.2.2 (Finnigan, USA).

2.3.2. GC × GC–TOFMS system
GC × GC–TOFMS instrument Pegasus 4D consisted of an Agilent

6890N gas chromatograph with a split–splitless injector and a time-
of-flight mass spectrometer Pegasus III with 10 mL min−1 pumping
capacity (LECO Corp., St. Joseph, USA). Inside the GC oven a dual-
stage jet modulator and a secondary oven were mounted (LECO).
Resistively heated air was used as a medium for hot jets, while cold
jets were supplied by gaseous nitrogen, cooled by liquid nitrogen.

Automated HS-SPME of volatiles was performed using an MPS2
autosampler (Gerstel, Germany).

2.3.2.1. 1D-GC–TOFMS conditions. An HP-VOC fused-silica capillary

column 60 m × 0.2 mm, 1.1 �m (Agilent, USA) and helium as a car-
rier gas (1.5 mL min−1) were used. The column was held at 40 ◦C for
2 min, the oven temperature was then programmed up to 130 ◦C
at a rate of 20 ◦C min−1, then up to 170 ◦C at a rate of 1.5 ◦C min−1

and finally up to 260 ◦C at 20 ◦C min−1 (GC run time was 38 min).
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pyrazine) and (iii) peak 8(9) + 10 (2-ethyl-3,5(6)-dimethylpyrazine
with 2,3-diethylpyrazine) was achieved.

Another difficulty we encountered in this GC arrangement
was the identification of the elution order within two pairs
ig. 1. Aroma profile of chips fried at approximately 162 ◦C for (A) 2.5 min and (B
ethylpyrazine; (2) 2,5-dimethylpyrazine and 2,6-dimethylpyrazine; (3) 2-ethyl-6-

he injector was operated in splitless mode using 2 min desorp-
ion time. The temperature of injection port was set at 250 ◦C. GC
ransfer line was maintained at 250 ◦C. The mass spectrometer was
perated in the EI mode with a source temperature of 220 ◦C. An
cquisition rate of 5 spectra s−1 and stored mass range m/z 35–470
ere used.

.3.2.2. GC × GC–TOFMS conditions. For GC × GC, a Supelcowax 10

.5 m × 0.1 mm, 0.1 �m (Supelco, USA) column was used in the sec-
nd dimension. The secondary oven was held at 45 ◦C for 2 min, the
ven temperature was then programmed up to 135 ◦C at a rate of
0 ◦C min−1, then up to 175 ◦C at a rate of 1.5 ◦C min−1 and finally
p to 265 ◦C at 20 ◦C min−1 (GC run time was 38 min). The modu-

ation time 5 s (hot pulse 1 s) and modulation temperature offset
5 ◦C were applied.

Other GC parameters including injection conditions and the
ain oven program were the same as in the 1D-GC–TOFMS analysis.
S acquisition rate was 180 spectra s−1 to obtain sufficient number

f points per chromatographic peaks. Other MS parameters were
he same as for the 1D-GC–TOFMS analysis.

. Results and discussion

As mentioned in Section 1, this study was conducted within the
roject concerned with monitoring of acrylamide formation dur-

ng the potato chips frying. Having in mind laborious and time
emanding acrylamide analysis by LC–MS/MS, we decided to test
he possibility to apply an alternative approach, which employs a
impler SPME–GC–MS procedure for monitoring of pyrazines, pos-
ible volatile markers of this processing contaminant. Both, the
ptimisation of the sample preparation and the final determination
f the analytes, are discussed in the following paragraphs.

.1. SPME sampling

In the first phase of the SPME experiments, four different
bres were tested. Since the profile of head-space volatiles is
hanging during potato chips preparation, two samples varying in
rying time (2.5 and 6 min) were examined. With regard to a high
xtraction efficiency of the whole range of the volatiles released
rom the potato chips samples, the divinylbenzene/carboxene/
olydimethylsiloxane (30/50 �m DVB/CAR/PDMS) fibre was
elected for further experiments. In Fig. 1, the aroma profiles of the
ot enough fried chips (fried for 2.5 min) and of the final product
fried for 6 min) are shown. Based on a thorough assessment of
hese chromatograms, the most significant compounds found to
e associated with Maillard reaction, were pyrazines in the later

ample. In both samples, various carbonyls and other breakdown
roducts originated in oil frying bath, were the most abundant
ompounds present in chips head-space.

To get information on the possible relationship between the
ample surface and the amount of emitted volatiles, and also to
in. The GC–ITMS (set-up A) used for sample separation. Marked compounds: (1)
lpyrazine; (4) trimethylpyrazine; (5) 2,6-diethylpyrazine; (6) 2-n-propylpyrazine.

identify potential losses of the most volatile compounds, two ways
of the potato chips treatment prior to SPME sampling, i.e. grinding
and milling, were tested. Since no differences in pyrazine profiles
and intensities were observed, the later (simpler) procedure was
used in follow-up experiments.

In the next step focused on the SPME optimisation, several
sorption times were tested. As shown in Fig. 2, the peak areas
of pyrazines increased linearly all over the tested sampling range
(5–60 min), the equilibrium was not achieved even at the longest
sorption time (60 min). As a compromise between the require-
ment for quick analyses and sufficient method sensitivity, the
60 min sampling was selected for subsequent experiments employ-
ing GC–ITMS instrumentation.

The sorption temperature is another important parameter influ-
encing the whole SPME procedure. Although, within a certain
range, increased temperature resulted in enhanced SPME sensitiv-
ity, which was caused by increased transfer of volatiles into the
sample head-space, it was not possible to utilise this phenom-
ena because additional formation of pyrazines could be induced
at higher temperatures. On this account, the sorption temperature
of 30 ◦C was used throughout all the following experiments.

3.2. GC–ITMS analysis

Since the original aim of our study was to find possible volatile
markers of acrylamide formation during potato chips frying, an
HP-VOC fused-silica capillary column seemed us to be suitable for
this purpose. In Fig. 3, a chromatogram of volatiles obtained under
optimised SPME conditions is presented.

Unfortunately, using this GC capillary column, neither the chro-
matographic nor spectral resolution of the following iso-
meric pyrazine pairs (i) peak 2 + 3 (2,5(6)-dimethylpyrazine), (ii)
peak 4(5) + 6 (2-ethyl-5(6)-methylpyrazine with 2,3,5-trimethyl-
Fig. 2. Optimisation of HS-SPME sorption time, 30/50 �m DVB/CAR/PDMS fibre,
sorption temperature 30 ◦C.
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ig. 3. Total ion current chromatograms of (A) mixed standard of pyrazines and (B)
nalytes: (1) 2-methylpyrazine; (2) 2,5-dimethylpyrazine; (3) 2,6-dimethylpyrazine;
7) 2-n-propylpyrazine; (8) 2-ethyl-3,5-dimethylyrazine; (9) 2-ethyl-3,6-dimethyl

ethylpyrazine; (13) 2-butyl-3-methylpyrazine. (Note: The number in parenthesis

f isomeric pyrazines: 4(5) (2-ethyl-5(6)-methylpyrazine) and
(9) (2-ethyl-3,(5)6-dimethylpyrazine). These analytes were com-
ercially available only as the mixtures of standards and the

orresponding retention indexes on HP-VOC column, which could
elp to differentiate between them, were not found in litera-
ure.

.3. 1D-GC and GC × GC–TOFMS analysis

As an alternative to separation system employing a conventional
S detector such as ion trap, we also tested hyphenation of GC to

he TOFMS. Although ITMS can (alike TOFMS) provide a full spec-
ral information throughout the GC run, the TOFMS technique may
rovide higher detection sensitivity typically at pg level [18].

Contrary to the scanning mass analysers, no spectral skewing
ccurs across the GC peak using the TOFMS detection, hence most
f the overlapping peaks can be deconvoluted using a suitable
oftware, ChromaTOF in this particular case. Fig. 4 shows a chro-
atogram obtained by SPME–GC–TOFMS analysis of the chips.
Automated peak finding, background subtraction, and the

econvolution option were employed as powerful tools for the pro-
essing of GC–TOFMS chromatograms.

Spectral resolution of two critical pairs 2,5-dimethylpyrazine
2) + 2,6-dimethylpyrazine (3) and 2-ethyl-5(6)-methylpyrazine
4(5)) + 2,3,5-trimethylpyrazine (6) was achieved, clean mass spec-
ra with high library match factors (e.g. similarity 932 and 908
or 2,5-dimethylpyrazine and 2,6-dimethylpyrazine, respectively)
ere available for each of the co-eluted pyrazines. Although

heir fragmentation patterns were fairly similar, small differ-

nces in the low intensity ions (m/z 67 and 80 in the case of
,5-dimethylpyrazine + 2,6-dimethylpyrazine, m/z 121 and 42 in
he case of 2-ethyl-5(6)-methylpyrazine + 2,3,5-trimethylpyrazine)
ere sufficient enough for their spectral resolution. Unfortunately,

he third critical pair consisting of 2-ethyl-3,5(6)-dimethylpyrazine
o chips sample under the experimental conditions of GC–ITMS (set-up B). Denoted
ethyl-6-methylpyrazine; (5) 2-ethyl-5-methylpyrazine; (6) 2,3,5-trimethylpyrazine;
ne; (10) 2,3-diethylpyrazine; (11) 2,3,5,6-tetramethylpyrazine; (12) 2,3-diethyl-5-
lternative elution order for isomeric pair, which is unknown.)

(8(9)) + 2,3-diethylpyrazine (10) could not be resolved due to the
absolutely identical retention times and peak shapes.

Altogether, the presence of all the 13 alkylpyrazines, for which
analytical standards were available, was documented in chips sam-
ple, three more, minor pyrazines (2,3,5,6-tetramethylpyrazine, 2,3-
diethyl-5-methylpyrazine and 2-butyl-3-methylpyrazine) were
detected thanks to better sensitivity of TOFMS compare to ITMS.

However, the unambiguous identification of pyrazines
within the isomeric pair 2-ethyl-6-methylpyrazine (4) and
2-ethyl-5-methylpyrazine (5), as well as the pair 2-ethyl-3,5-
dimethylpyrazine (8) and 2-ethyl-3,6-dimethylpyrazine (9), was,
for the same reason as in the case of GC–ITMS determination,
impossible using the GC–TOFMS system.

Because of the problems with resolution described above, we
attempted to improve the chromatographic separation by intro-
ducing a comprehensive two-dimensional GC coupled to TOFMS
(GC × GC–TOFMS). The first dimension narrow bore HP-VOC col-
umn (the same as that used in previous experiments) was coupled
via a thermal modulator with a short microbore capillary coated
by Supelcowax 10 (polyethylene glycol phase) providing a different
selectivity in the second dimension. Under this experimental set-
up, each peak eluted from the HP-VOC column had to be modulated
two to three times to preserve the first dimension separation. Very
fast elution of sample components in the second column enabled
separation to be completed before the next modulation started. In
this way, each compound in the volatiles mixture was a subject
of two independent separation mechanisms [19,20], what largely
enhanced the overall resolution power.

In Fig. 5, a contour plot obtained by the analysis of alkylpyrazines

standard mixture (Fig. 5A) and potato chips volatiles (Fig. 5B) is
shown. Rather surprisingly, neither chromatographic nor spectral
resolution was achieved (contrary to 1D-GC–TOFMS system) for
pair consisting of 2,5-dimethylpyrazine (2) and 2,6-dimethylpyra-
zine (3). A recombination during the modulation process probably
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ig. 4. 1D-GC–TOFMS analysis of potato chips sample: total ion current and deconvol
ee caption of Fig. 3.

ccurred. It should be noted that the setting of a (relatively long) 5-s
odulation period avoided so-called “wrap-around”, i.e. elution of

ore retained compounds at retention times higher than the modu-

ation period. Similarly, no improvement was obtained for the pairs
-ethyl-5(6)-methylpyrazine (4(5)) + 2,3,5-trimethylpyrazine (6)
nd 2-ethyl-3,5(6)-dimethylpyrazine (8(9)) + 2,3-diethylpyrazine
10).
of 2,5-dimethylpyrazine and 2,6-dimethylpyrazine. For identification of compounds

Although the expectation that GC × GC system would resolve
co-elution problems was not fulfilled, this set-up enabled a better

detectability of pyrazines. Thanks to compression of the peaks in
a modulator and separation of the target analytes from the other
sample components (based on the differences in their polarity), the
signal-to-noise ratio increased approx. by a factor of 4. Improved
detection limits allowed reduction of the SPME sorption time to
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nly 15 min (instead of previously used 60 min), as a consequence
he sample throughput increased significantly.

.4. Non-target analysis of heterocyclic nitrogen-containing
ompounds

In addition to analysis of the target alkylpyrazines, also other
semi)volatile nitrogen-containing heterocyclic compounds orig-
nated via Maillard reaction during potato chips frying were
earched. For this purpose, both the data from 1D-GC–TOFMS and
C × GC–TOFMS analysis were examined by ChromaTOF software
sing a threshold (S/N) setting of 50. The automatically generated
eak table composed of compounds exceeding this value at each
ingle ion trace in a mass range of m/z 35–470, and identified after
econvolution on the basis of measured mass spectra comparison
ith NIST 2002 library, was carefully examined. The list of alto-

ether 46 non-target compounds representing 5 structure groups
19 pyrazines, 11 pyrrols, 10 pyridines, 4 pyrrolidinones, and 2
etrahydropyridines) tentatively identified in this way is given in
able 1. Substances marked in this table by a superscript a were
dentified in both systems (1D-GC–TOFMS and GC × GC–TOFMS),
hose marked by a superscript b could be identified only under
onditions of GC × GC, i.e. when the combination of two separa-
ion principles (based on volatility and polarity) enabled improved
pectral quality (most of co-elutions with matrix components
ere avoided). An example documenting the benefits resulting

rom this approach is illustrated in Fig. 6, in which 2-ethenyl-5-
ethylpyrazine was fully separated from d-limonene. Due to the

o-elution with this abundant matrix component, identification
f the above pyrazine was not possible under the conditions of

onventional1D-GC run.

In spite of unavailability of authentic standards needed for the
dentity confirmation, the unique features of the mass spectra of N-
eterocyclic compounds limited the misidentifications to only the

ncorrect assignment of the isomeric forms.
Fig. 5. GC × GC–TOFMS analysis of (A) mixed standard of alkylpyrazines and (B)
potato chips sample. For peak numbering refer to Fig. 3.

Fig. 6. Separation of 2-ethenyl-5-methylpyrazine and limonene using GC × GC–TOFMS.
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Table 1
The list of nitrogen-containing compounds tentatively identified in potato chips head-space by GC(×GC)–TOFMS.

1DtR (s), 2DtR (s) Peak numbering Name Quant massc Formula

822, 2.340 Pyrazinea,d 80 C4H4N2
840, 3.960 Pyrrolea,d 67 C4H5N
846, 2.250 Pyridineb,d 79 C5H5N
972, 2.200 1-Ethyl-1H-pyrroleb 80 C6H9N
984, 2.280 2-Methylpyridinea 93 C6H7N
1002, 2.420 1 2-Methylpyrazinea 94 C5H6N2
1014, 3.990 2-Methyl-1H-pyrroleb,d 80 C5H7N
1038, 4.130 3-Methyl-1H-pyrroleb 80 C5H7N
1134, 2.470 Pyridine, 3-methyl-b 93 C6H7N
1140, 2.280 Pyridine, 2,6-dimethyl-b 107 C7H9N
1212, 2.370 2-Ethylpyridinea 106 C7H9N
1230, 2.500 2 + 3 2,5-Dimethylpyrazine + 2,6-dimethylpyrazinea 108 C6H8N2
1248, 2.520 Ethylpyrazinea,d 107 C6H8N2
1248, 4.160 2-Ethyl-1H-pyrroleb 80 C6H9N
1260, 2.560 2,3-Dimethylpyrazinea,d 67 C6H8N2
1308, 2.920 Ethenylpyrazinea 106 C6H6N2
1338, 2.260 1H-Pyrrole, 1-butyl-b 80 C8H13N
1386, 3.610 2-Pyridinecarboxaldehydeb 79 C6H5NO
1410, 2.630 3-Ethylpyridinea 92 C7H9N
1518, 2.530 4 (5) 2-Ethyl-6-methyl-pyrazinea 121 C7H10N2
1530, 2.560 4 (5) 2-Ethyl-5-methyl-pyrazinea 121 C7H10N2
1536, 2.590 6 2,3,5-Trimethylpyrazinea 42 C7H10N2
1548, 2.580 2-Ethyl-3-methylpyrazinea,d 121 C7H10N2
1566, 2.640 7 2-(n-Propyl)-pyrazinea 94 C7H10N2
1584, 5.270 1H-pyrrole-2-carboxaldehydea 66 C5H5NO
1596, 3.820 2-Carboxaldehyde, 1-methyl-1H-pyrroleb 109 C6H7NO
1602, 2.910 2-Ethenyl-6-methylpyrazineb 119 C7H8N2
1620, 2.920 2-Ethenyl-5-methylpyrazineb,d 120 C7H8N2
1620, 4.490 4(H)-Pyridine, N-acetyl-b 80 C7H9NO
1638, 3.650 Acetylpyrazineb,d 122 C6H6N2O
1686, 3.150 Acetyl pyridinea,d 79 C7H7NO
1722, 2.200 1-Pentyl-1H-pyrroleb 80 C9H15N
1734, 3.260 1-Methyl-2-pyrrolidinoneb 99 C5H9NO
1764, 5.050 2-Acetylpyrrolea,d 94 C6H7NO
1794, 2.180 8 (9) 2-Ethyl-3,5-dimethylpyrazinea 135 C8H12N2
1812, 2.170 8 (9) 2-Ethyl-3,6-dimethylpyrazinea 135 C8H12N2
1812, 5.500 2-Pyrrolidinoneb 85 C4H7NO
1818, 2.660 3-Acetyl-1-methylpyrroleb 108 C7H9NO
1824, 2.160 11 Tetramethylpyrazinea 136 C8H12N2
1866, 2.220 2-Methyl-5-(1-propenyl)-(E)-pyrazinea 133 C8H10N2
1872, 2.880 1-Pyrrolidinecarboxaldehydea 99 C5H9NO
1920, 2.410 2-Acetyl-3-methylpyrazinea 136 C7H8N2O
1932, 2.340 (1-Methylethenyl)-pyrazineb 120 C7H8N2O
1932, 2.400 2-Acetyl-6-methylpyrazinea 136 C7H8N2O
1944, 2.010 2-Isobutyl-3-methylpyrazinea,d 108 C9H14N2
1968, 2.310 1-Propanone, 1-(2-pyridinyl)-b 79 C8H9NO
1980, 1.970 12 2,3-Diethyl-5-methyl-pyrazinea,d 150 C9H14N2
1986, 1.970 3,5-Diethyl-2-methyl-pyrazinea,d 149 C9H14N2
1992, 2.160 5-Methyl-5H-cyclopenta[b]pyrazineb 119 C8H10N2
2004, 1.970 Pyrazine, 3,5-diethyl-2-methyl-b 150 C9H14N2
2058, 1.990 13 2-Butyl-3-methylpyrazinea 108 C9H14N2
2070, 1.920 3,5-Dimethyl-2-isobutyl-pyrazinea 122 C10H16N2
2088, 2.570 2-Pyridinecarboxaldehydeb 79 C6H5NO
2100, 2.120 2-Methyl-5-(1-propenyl)-pyrazineb 134 C8H10N2
2100, 2.280 1-Acetyl-1,2,3,4-tetrahydro-pyridineb 82 C7H11NO
2142, 2.120 5,6,7,8-Tetrahydroquinoxalineb 134 C8H10N2
2160, 1.940 2-Butyl-3-methylpyrazineb 108 C9H14N2

1DtR: first dimension retention time (s); 2DtR: second dimension retention time (s).
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a Compounds identified by both 1D-GC–TOFMS and GC × GC–TOFMS analysis.
b Compounds identified only by GC × GC–TOFMS.
c Quantification mass (quant mass) used was identical with the unique mass dete
d Compounds reported also in other studies.

In Fig. 7, the elution pattern of volatile chip components is illus-
rated, with N-heterocyclic compounds located in the upper part of
he contour plot, above alkanes and aromatic hydrocarbons, alde-
ydes, and ketones.

Within the group, the position on y-axis (second dimension

etention time) increased in the order: pyridines < pyrazines <
yrrols; the exception were N-substituted pyrrols. These com-
ounds, due to the considerable decreased polarity of their
olecules, elute at lower second dimension retention times com-

ared to C-substituted pyrrols with the free NH group in the pyrrole
d automatically by the software as a characteristic mass of the peak.

ring. Within the group of the substituted pyrazines, the position on
y-axis increased in the order: alkylpyrazines < alkenylpyrazines <
cycloalkylpyrazines < acetylpyrazines.

Only 13 from the 57 compounds (including the target pyrazines)
listed in Table 1 were previously reported in earlier studies con-

cerned with volatiles occurring in potato chips [13,14,21,22]. In
many cases there was a discrepancy in the substitution pattern ten-
tatively proposed for the particular structural category. Although
the orthogonal GC separation employed in our experiments
reduced the co-elutions compared to conventional separation car-
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Fig. 7. GC × GC–TOFMS chromatogram of potato chips sample with denotation of
structural groups separation.

ried out by other authors, we were not able to support the isomers
identification by using the retention indexes since they are not
available for the stationary phase used in our study.

3.5. Performance characteristics

As a part of the method validation, the stability of sample com-
position during sample storage in a refrigerator was tested. No
significant changes in aroma profile of chips were found after 1
month of storage.

Repeatability of both SPME–GC–ITMS and SPME–GC × GC–
TOFMS methods was characterised as a relative standard deviation
(RSD), calculated for each analyte from six repetitive analyses of a
deep fried (20 min/160 ◦C) potato chips sample; the values for indi-
vidual analytes are shown in Table 2. The levels of target pyrazines
were determined by the external calibration method using the
matrix-matched standards (see Section 2).

Limits of quantification (LOQs) were estimated by the analyses of
the lowest calibration (matrix-matched) standard. The LOQs were
estimated as the level with S/N ratio >10.

In spite of the shorter extraction time (15 min vs. 60 min), the
LOQs of target analytes were approximately 10 times lower in
GC × GC–TOFMS system as compared to GC–ITMS. On the other
hand, GC–ITMS enabled measurements at higher levels of pyrazines
(for comparison see the linear ranges in Table 2). Nevertheless,
the linear range of the SPME–GC × GC–TOFMS method, even if
narrower than the range of the SPME–GC–ITMS method, is still suf-
ficient for measuring the real levels of pyrazines occurring in potato
chips samples.

The calibration standard mixtures of pyrazines at six concen-
tration levels in methanol were prepared for the method linearity
testing. Matrix-matched calibration was used for the quantification
of pyrazines for which the standards were commercially available.
As the most similar matrix, but free of the target compounds (blank
sample), pre-fried potato chips (5 min/160 ◦C) were employed. Five
microliters of each calibration standard was added to the 1.5 g
of “blank” matrix. The linearity and the regression coefficients of
individual analytes are summarised in Table 2. It was found that
GC × GC–TOFMS is more sensitive technique; thus, the lowest cali-
bration level was approximately 10 times lower than for GC–ITMS.
The linear range was in both cases two orders of magnitude and the
regression coefficients (R2) higher than 0.995.
4. Conclusions

A simple head-space SPME method can be used for extraction
of pyrazines and other volatile compounds from potato chips head-
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