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Abstract

A series of alkylpyrazines, contributing to the overall flavor, are described in tea and tea infusions. Their low concentrations
and moderate water solubility are facing analytical trouble when it comes to typical applied headspace analyses. Accordingly,
a stir bar sorptive extraction methodology (SBSE) was established. It was found that immersion-based techniques (direct-
immersion SBSE (DI-SBSE) and multiple SBSE (mSBSE)) showed higher extraction efficiency compared to headspace
sorptive extraction (HSSE). In the end, a DI-SBSE methodology was established with a calibration range of 0.1-50 ug/L for
six alkylpyrazines to systematically quantify their presence in tea and tea-like infusions. With determined LOQs between 21
and 118 ng/L, the method was sensitive enough to detect the expected low amounts. Application of the established DI-SBSE
methodology for six alkylpyrazines in seven green, three white, one oolong, two black teas, as well as two tea-like infu-
sions (nettle and raspberry leaf) revealed great variations in total concentration of alkylpyrazines between 0.36 +0.05 ug/L
(raspberry leaf) and 24.20 +0.41 pg/L (oolong tea). Furthermore, concentration levels in between the same tea type ranged
drastically, with 14.19+0.62 pg/L for Longjing green tea and 0.74 +0.02 ug/L for Warwick green tea. Most abundant
alkylpyrazines in the samples were 2-methylpyrazine and 2,5-dimethylpyrazine. Overall good similarities in compositional
distribution of alkylpyrazines in the same tea type and strong correlations of the alkylpyrazines over all types indicating
distinct fingerprints being present and the types are differentiable based on their alkylpyrazine pattern.

Keywords Alkylpyrazines - Tea - Fingerprinting - Direct immersion—stir bar sorptive extraction - DI-SBSE

Introduction

Alkylpyrazines are character impact compounds of many
heat-processed foods such as coffee, tea, cocoa, choco-
late, roasted barley, meat products, and baked goods since
they are typical products from the Maillard reaction [1-4].
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During heat treatment of tea to stop enzymatic browning and
to dry the processed leaves, the formation of Maillard prod-
ucts including alkylpyrazines contribute to the nutty and/
or roasted aroma in the resulting products. Multiple studies
demonstrated that alkylpyrazines are important aroma com-
pounds for the overall flavor impression of especially pan-
fried teas [5-7] as they likely exhibit higher considerable
concentrations of alkylpyrazines [8]. Hence, their presence
and quantity may serve as indicator for the extent and type
of heat-treatment. Furthermore, the alkylpyrazine patterns
of the tea plant would be of interest towards differentiation
of geographic origin, cultivar, and further processing. Until
now, a total of 21 different alkylpyrazines were identified
in several green and stem teas [9—11], including 2-meth-
ylpyrazine, 2-ethylpyrazine, 2,3, 2,5-, and 2,6-dimethyl-
pyrazine, 2-ethyl-3,5(6)-dimethylpyrazine, 2,3,5-trimeth-
ylpyrazine as well as 2-ethyl-5-methylpyrazine as key
compounds. Besides, trace amounts of other alkylpyrazines
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were identified. To date, no systematical quantification and
comparison of present alkylpyrazines in tea is available.
The choice of a suitable isolation methodology for vola-
tile isolation is the most crucial step in analysis of complex
food matrices. In the last years, solvent-free extraction tech-
niques such as headspace—solid phase microextraction (HS-
SPME), dynamic headspace extraction (DHS), or stir bar
sorptive extraction (SBSE) has displaced the classical sol-
vent isolation techniques such as liquid—liquid—extraction
(LLE) or distillation [12]. No need of solvent is undisputed
a big advantage for environment and handling. Besides,
sorptive techniques shows higher sensitivity compared to
solvent-based techniques and no need for long and high dis-
tillation temperatures are gentle for matrix and aroma com-
pounds. As Maillard products, alkylpyrazines are produced
during heating processes. High temperatures during volatile
extraction such as in distillation therefore might increase
the total alkylpyrazine concentration in some food matrices
and influence the authenticity. This phenomenon is already
reported for cocoa [13]. To date, alkylpyrazines are often
analyzed via headspace—solid phase microextraction (HS-
SPME) from solid substrates, like coffee powder [14, 15].
However, headspace analyses brings serval drawbacks for
liquid samples due to good water solubility and high boiling
points of alkylpyrazines (Table 1). In contrast, stir bar sorp-
tive extraction (SBSE) as an advanced solvent-free technique
has been designed in 1999 and can be used as both direct

Table 1 Physico-chemical properties of selected alkylpyrazines.

immersion (DI) and headspace (HS) extraction method due
to its robustness. Its large sorbent surface area (> 50 pL)
and a connection to a cooled injection system (CIS) results
in SBSEs’ multifaceted properties such as high analyte
recovery, less competition effect, decreased thermal artifact
formation, and even subsequently high resolution of GC sys-
tem by generation of sharp peaks in combination with CIS
[16]. So far, SBSE represents a powerful tool for trapping
key odorants, especially trace odorants present in the highly
varied and complex matrices of samples (gas, solid, aqueous,
and oily) [17, 18]. Currently, flavor analysis of tea by means
of SBSE is still rare [16, 19, 20] and no focus on systemati-
cal elucidation on presence of alkylpyrazines were made.

We, therefore, developed a sensitive stir bar sorptive
extraction (SBSE) method for the quantification of various
alkylpyrazines in various tea (green, white, oolong, and
black) and tea-like (nettle and raspberry leaf) infusions to
elucidate similarities and differences in the alkylpyrazine
patterns of the different tea types.

Material and methods

Materials and chemicals

2-Methylpyrazine (99%), 2,5-dimethylpyrazine (99%) and
2-ethyl-3,5(6)-dimethylpyrazine (99%, mix of isomers) were

compound structure boiling point (°C)* log K" odor impression®
N CHj
N
2-methylpyrazine [ j/ 135 0.21 nutty, chocolate
=
N
N\ CHj
2-ethylpyrazine ’ 152 0.69 nutty, cocoa
=
N
Ny ~CHs
. . nutty, roasted,
2,5-dimethylpyrazine /[ /j/ 155 0.63 chocolate
H,C N
N CHj
23,5- | A
trimethypyrazine P 171 0.95 nutty, baked, roasted
H,C N CH,
N
2-ethyl-3,5- ’ ~ CH3 180 207 nutty, almonds,
dimethylpyrazine _— ’ coffee
HsC N CH,
2-ethyl-3,6- 180 2.07 burnt, coffee

dimethylpyrazine

HsC N
| X CHs
=
N CHs

*Boiling points from https://pubchem.ncbi.nlm.nih.gov/

"Logarithm of octanol/water partitioning coefficient (log K,,,) from http:/www.perflavor.com/allfv-11.htm

“Odor descriptions from http://www.thegoodscentscompany.com/
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purchased from Alfa Aesar (Kandel, Germany). 2-Ethylpyra-
zine (98%) was purchased from Sigma-Aldrich (Darmstadt,
Germany). 2,3,5-Trimethylpyrazine (98%) was purchased
from J&K Scientific Ltd. (Karlsruhe, Germany). Sodium
chloride (99%) was purchased from Carl Roth (Karlsruhe,
Germany).

Seven green teas (Sencha from Japan; Seogwang from
South Korea; Himalaya View from Nepal; Warwick Special
Green from South India; Gunpowder, Longjing, and Lung
Ching from China), three white teas (Pai Mu Tan White,
as well as one high- and low-quality tea from China), one
oolong tea (Formosa Fancy Superior Oolong from Taiwan),
two black teas (Darjeeling Nr. 9 Himalaya First Flush from
India and English Breakfast) and two tea-like products (net-
tle and raspberry leaf from Germany) were analyzed for
their alkylpyrazine pattern. All teas were purchased from
Tee Gschwendner GmbH (Meckenheim, Germany) except
Longjing (directly imported form Zheijang province, China),
Lung Ching (J.T. Ronnefeldt KG, Frankfurt am Main, Ger-
many), as well as high- and low-quality white tea (Fuzhou
University, China).

Method development for quantifying alkylpyrazines
in aqueous environment

Stir bar sorptive extraction for isolation of alkylpyrazines

Three different approaches were tested in this study: direct
immersion—stir bar sorptive extraction (DI-SBSE, one
PDMS-coated stir bar stirring in the liquid phase), head-
space sorptive extraction (HSSE, one PDMS coated stir bar
attached in the headspace using a magnetic cuff and one
non-coated stir bar stirring in the liquid), and multiple stir
bar sorptive extraction (mSBSE, one PDMS-coated twister
stirring in the liquid phase and one PDMS-coated stir bar
attached to the headspace using a magnetic cuff) (Fig. 1).
To evaluate the efficiency of the applied methods to extract
alkylpyrazines from an aqueous matrix, a standard contain-
ing 2-methylpyrazine, 2-ethylpyrazine, 2,5-dimethylpyra-
zine, 2,3,5-trimethylpyrazine, and 2-ethyl-3,5(6)-dimethyl-
pyrazine in water was prepared. 5 mL alkylpyrazine standard
(concentration ¢ =1 pg/L, 50 pg/L, and 100 pug/L of each
pyrazine) was transferred into a 20-mL headspace vial. 1.6 g
NaCl (saturated solution) and 50 pL of internal standard (IS,
thymol, c=4.2 ug/L) were added to each sample. For each
method, extraction time was set to 2 h and 1000 rpm stirring
at room temperature (~24 °C). After extraction, the coated
stir bars were removed with forceps, rinsed with deionized
water, dried, and placed together in a conditioned thermal

DI-SBSE HSSE

=

mSBSE
SBSE- magnetic stir bar with

PDMS coating

standard non-coated stir bar

magnetic cuff

(=]

[ =)

——

<.|$ stirring at 1000 rpm, room

temperature , 2 h
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Fig.1 Comparison of normalized peak areas of six selected alkylpyrazines in aqueous solution among headspace sorptive extraction (HSSE),
direct immersion—stir bar sorptive extraction (DI-SBSE), and multiple stir bar sorptive extraction (mSBSE)
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desorption unit (TDU) liner (OD 6 mm, ID 4 mm, L 60 mm)
(Gerstel, Miihlheim an der Ruhr, Germany). For mSBSE,
both Twisters were transferred to the same TDU liner. Des-
orption started at a temperature of 40 °C (1 min) and then
ramped at 120 °C/min to 220 °C, and held for 10 min. The
cryofocusing was performed in a cooled injection system
(CIS) (Gerstel) equipped with a glass wool liner (OD 3 mm,
ID 2 mm, L 71 mm) with liner-in-liner principle with the
TDU liner (Gerstel) in solvent-vent mode (40 mL/min).
The analytes were released to a gas chromatography system
equipped with a mass spectrometry detector and an olfactory
detection port (GC-MS-O) system in the CIS with a tem-
perature program starting at -100 °C (1 min), then increased
with 12 °C/s to 230 °C, and finally held for 5 min [16, 19].

Establishment of external calibration curves

A calibration curve with ten concentrations between 0.1
and 200 pg/L (0.1 pg/L, 0.5 pg/L, 1 pg/L, 5 ng/L, 10 pg/L,
20 pg/L, 30 pg/L, 50 pg/L, 100 pg/L and 200 pg/L) were
established using DI-SBSE. 5 mL of each standard were
transferred into a HS-vial and 1.6 g salt (saturated solution)
and 50 pL of IS were added. The standards were extracted
under same conditions as presented in “Stir bar sorptive
extraction for isolation of alkylpyrazines bar sorptive extrac-
tion for isolation of alkylpyrazines”. Calibration curves were
established by plotting the normalized peak area (peak area
of alkylpyrazine/peak area of internal standard) against the
concentration.

Linearity of the calibration curves for every single
alkylpyrazines was determined by means of calculated deter-
mined R? values and residual analysis. Concentrations of
upper limit measurement points were varied between 50 and
200 pg/L and then linearities were compared. Precision of
measurements were calculated by means of relative standard
deviation (RSD) of the five replicates of each concentra-
tion measured for the calibration. Limit of detection (LOD)
was calculated as three times the standard deviation from
repeated analyses (n=6) of the lowest level of the calibra-
tion curve. Limit of quantification (LOQ) was defined as ten
times standard deviation of the lowest level of the calibration
curve (n=06).

Alkylpyrazine fingerprinting in different tea
and tea-like infusions

Preparation of tea infusions

All tea infusions were prepared with the same method:
10 g/L tea leaves put into tea bags (size 3, Edeka, Hamburg,
Germany) were steeped in boiling water for 15 min. After
removing the tea bags, the infusions were cooled down to
room temperature in an ice bath and stored at — 20 °C prior

@ Springer

analysis. 5 mL of each tea infusion was transferred into HS-
vials. 1.6 g salt (saturated solution) and 50 pL of IS were
added. The samples were extracted under the same condi-
tions as standards in water (see “Stir bar sorptive extraction
for isolation of alkylpyrazines bar sorptive extraction for
isolation of alkylpyrazines™).

Identification and quantification of six alkylpyrazines in tea
and tea-like infusions

The alkylpyrazines were identified by the retention indices
(RI) on a polar column (DB-WAXms), the mass spectra
in comparison with those of authentic standards and data
published in the literature and MS database (NIST17). Six
alkylpyrazines were quantified using established external
calibration curves in water between 0.1 and 50 pg/L.

Gas chromatography—mass spectrometry (GC-MS)

Gas chromatography (GC) was performed with an Agi-
lent 7890B gas chromatograph connected to a 5977B mass
spectrometry detector (Agilent Technologies, Waldbronn,
Germany) equipped with TDU, CIS as well as an olfac-
tometry detection port (ODP 3, Gerstel). An Agilent J&W
DB-WAXms column (30 mx0.25 mm ID X 0.25 ym film
thickness) (Agilent Technologies) was installed. Helium
(5.0) (Westfalen, Muenster, Germany) served as carrier gas
with a constant flow rate of 1.62 mL/min. The GC oven
temperature was held at 40 °C (3 min) and then ramped with
5 °C/min to 240 °C (10 min). The following parameters were
applied: MS mode, scan; scan range, m/z 40-330; electron
ionization energy, 70 eV; source temperature, 230 °C; quad-
rupole temperature, 150 °C; ODP 3 transfer line tempera-
ture, 250 °C; ODP mixing chamber temperature, 150 °C;
ODP 3 makeup gas, N, (5.0) (Westfalen) [16, 19]. The data
were collected using Agilent Mass Hunter BO7.06 combined
with Gerstel Maestro.

Results and discussion

SBSE-based method development for isolation
and quantification of alkylpyrazines in aqueous
environment

Headspace—solidphase microextraction (HS-SPME) is cur-
rently the most used approach to analyze pyrazines from
foods. HS-SPME can be fully automatized and therefore
enables a high sample throughput. However, knowing that
especially alkylpyrazines are moderate water-soluble, a
headspace approach brings several drawbacks for analyzing
liquid samples. Stir bar sorptive extraction (SBSE) can be
applied in various immersion- or headspace-based methods
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and therefore enables a tailor-made use for the analyzed
sample. Multiple SBSE (mSBSE) can improve the sensitiv-
ity of volatile extraction for rather middle or non-polar com-
pounds while extracting in both headspace and liquid and
increase the polarity range when two different coating mate-
rials (polydimethylsiloxane (PDMS) and PDMS-EG (ethyl-
ene glycol) copolymer) are used [21, 22]. But van Lancker,
et al. [23] already proved the PDMS coating as more suit-
able material for extraction of alkylpyrazines from watery
solutions than PDMS-EG copolymer. Therefore, in our
approach, direct-immersion SBSE (DI-SBSE), headspace
sorptive extraction (HSSE), and multiple SBSE (mSBSE)
using PDMS-coated stir bars were compared to find the most
suitable approach for analyzing expected low amounts of
alkylpyrazines in tea and tea-like beverages. In our study, we
focused on the six most abundant alkylpyrazines 2-methyl-
pyrazine, 2-ethylpyrazine, 2,5-dimethylpyrazine, 2,3,5-tri-
methylpyrazine, as well as 2-ethyl-3,5-dimethylpyrazine and
2-ethyl-3,6-dimethylpyrazine (Table 1).

In the first step, three levels of alkylpyrazines in water
(1 pg/L, 50 pg/L, and 100 pg/L) were compared to find
the most suitable SBSE method. At a low concentration
of 1 pg/L, DI-SBSE and mSBSE showed a clearly higher
extraction yield in comparison to HSSE (Fig. 1). Higher
extraction performance with immersion techniques can be
explained by the water solubility of alkylpyrazines at low
concentrations like 1 ug/L. The low log K, (logarithm
of octanol/water partitioning coefficient) of the selected
alkylpyrazines (log K,,=0.21 to 2.07, Table 1) attesting
their rather hydrophilic behavior in aqueous environment.
Conversely, at high concentrations—in this case 100 pg/L—
extractions performance of DI-SBSE and mSBSE was simi-
lar, while HSSE showed again a lower efficiency towards the
other two methods (Fig. 1). Measurement series containing
50 pg/L analytes showed similar results. A slightly higher
recovery of mSBSE at higher concentrations was observed,
but considering the expected low alkylpyrazine concentra-
tions in tea, the DI-SBSE methodology is satisfying and was
finally chosen also due to easier handling.

In the next steps, external calibration curves using DI-
SBSE with aqueous alkylpyrazine solutions were set. In the
beginning a calibration range between 0.1 and 200 pg/L for
each alkylpyrazine was established. Subsequently, a graph-
ical residual analysis (data not shown) was performed to
improve the linear regression and to adjust the method to
the expected concentrations. Calibration curves with a lin-
ear range of 0.1-50 pg/L showed the highest R’ (R>>0.99,
Table 2) in comparison to upper calibration limits of
100 pg/L and 200 pg/L (0.95 < R? <0.97) (data not shown).

Results of precision are shown in Table 2. For all
selected pyrazines, a precision of >90% was obtained
with the selected method. Recovery was calculated with
values between 22.8 and 90.8% for 0.1 ug/L and 97.2% to
100.1% for 50 ug/L (Table 2). An upward trend was found
with increase of concentration and log K. LOD and LOQ
were calculated between 6.2 and 35.5 ng/L for the single
alkylpyrazines in the LOD and 20.6 ng/L to 118.2 ng/L for
the LOQ (Table 2).

Alkylpyrazine fingerprinting in tea infusions

Differences in the chemical composition of various teas
are not only attributed to the manufacturing methods, but
also to growth, harvesting time, climate, cultivars, soil,
and geography [24]. The effects of processing on chemical
composition are widely reported, such as for the polyphe-
nol content [25]. In addition, intensive research has been
done to reveal the relationship between the metabolome
and climate [26, 27]. Gulati et al., [28] studied the influence
on the harvest time and found massive differences in the
flavor of the corresponding tea infusion. Especially early
flush harvest was found to have much higher concentra-
tions of important tea compounds such as linalool, geraniol
or B-ionone compared to main flush harvest. However, no
systematic research on alkylpyrazines in tea, which play
an important role to the overall flavor, were done so far.
Therefore, in our research, we focused on the systematic
presence six alkylpyrazines in different tea and tea-like

Table 2 Determination of calibration range, precision, recovery at two different concentrations, LOD, and LOQ for alkylpyrazines in aqueous

solution after DI-SBSE

Calibration m b R? Precision (%)  Recovery (%) LOD (ng/L) LOQ (ng/L)
range (ug/L) 0.1 (ug/L) 50
(ng/L)

2-methylpyrazine 0.1-50 0.0053  0.0096 0.9943 943+5.8 22.8 97.2 355 118.2
2-ethylpyrazine 0.1-50 0.0261 0.0446 09936 93.4+6.0 56.9 98.3 204 68.0
2,5-dimethylpyrazine 0.1-50 0.0139  0.0246 09913  93.9+7.2 58.0 99.7 12.1 40.2
2,3,5-trimethylpyrazine 0.1-50 0.0340  0.0593 0.9908 95.0+5.3 62.2 99.6 25.6 85.3
2-ethyl-3,5-dimethylpyrazine ~ 0.1-50 0.0928 0.0970 0.9962 96.4+3.2 88.2  100.1 6.2 20.6
2-ethyl-3,6-dimethylpyrazine ~ 0.1-50 0.0836  0.0706  0.9975  96.1+2.9 90.8 100.1 14.8 49.5

m slope, b intercept, R? regression coefficient, LOD limit of detection, LOQ limit of quantification
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infusions. Fifteen different teas and tea-like products were
analyzed for their alkylpyrazine concentration and pattern
infusions using DI-SBSE in combination with an estab-
lished external calibration. The results showed huge differ-
ences in concentration and proportion (Table 3, Fig. 2, 3).
Highest total alkylpyrazine concentration was found for the
semi-oxidized oolong tea sample with 24.20+0.41 pg/L.
Main alkylpyrazine in oolong is 2-methylpyrazine with
around 50% of total alkylpyrazine concentration, besides
2,5-dimethylpyrazine and 2-ethylpyrazine. Almost 90% of
the total alkylpyrazine concentration were attributed to these
three. Only minor proportions were detected for higher sub-
stituted alkylpyrazines, in detail 2,3,5-trimethylpyrazine, as
well as 2-ethyl-3,5(6)-dimethylpyrazine.

Second highest total alkylpyrazine concentration was
found for pan-fried Longjing green tea with 2,5-dimeth-
ylpyrazine as leading alkylpyrazine. Interestingly, huge
concentration differences between the different green
tea types were found: the total concentration ranged
between 0.74 +0.02 pg/L for Indian Warwick green tea
and 14.19 +0.62 pg/L for Longjing (Table 3, Fig. 2). Even
though absolute concentrations of alkylpyrazines varied
drastically between the analyzed green tea infusions, a
similar proportioning of the analyzed alkylpyrazines was
observed (Fig. 3). All seven green teas analyzed showed

extraordinary similar patterns with 2-methlypyrazine and
2,5-dimethylpyrazine making up around 80-90% of total
alkylpyrazines analyzed. Interestingly, in the Warwick
green tea, exceptional high proportion of 2-ethyl-3,5-di-
methylpyrazine (15%) was detected compared to the other
green tea types, nevertheless the total concentration was
comparable to the others (¢ =0.10-0.13 pg/L). But, 2-ethyl-
3,5-dimethylpyrazine has an extremely low odor threshold
(0.04 pg/L) [29] and therefore plays an important role to
the overall roasted aroma of different tea infusions even in
low concentration. Mizukami et al. [30], already proved the
importance of low concentration alkylpyrazines as key odor-
ants in roasted green tea. The two analyzed Dragon Well
teas (Longjing and Lung Ching) showed an almost identical
fingerprint even though overall concentrations differ majorly
with 14.19 +£0.62 pg/L for Longjing and 4.61 +0.16 pg/L for
Lung Ching. Interestingly, also Sencha green tea, the typical
steam treated green tea from Japan [31], showed a high total
alkylpyrazine concentration with 13.28 +0.49 pg/L which
is in similar concentration to the roasted Longjing green tea
(Table 3). This suggests that also, the initial alkylpyrazine
concentration in the tea leaves is important and not all pyra-
zines are formed during manufacturing. The gentle steam
treatment (around 100 °C, indirect heat) in comparison to
high temperature roasting in pans (up to 250 °C, direct heat),

Table 3 Concentration of selected alkylpyrazines in tea and tea-like infusions

2-methylpyrazine

2-ethylpyrazine (ug/L) 2,5-dimeth-

2,3,5-trimeth-  2-ethyl-3,5-di- 2-ethyl-3,6-di-

(ug/L) ylpyrazine ylpyrazine methylpyrazine methylpyrazine
(ng/l) (ng/L) (ug/l) (ng/L)

Green tea

Sencha 6.40+0.75 0.76 +£0.31 4.94+0.88 0.56+0.03 <LOQ 0.63+0.07

Seogwang 1.31+0.46 0.28+0.03 1.93+0.37 <LOQ 0.12+0.01 <LOQ

Himalaya 1.54+0.54 0.13+0.01 1.97+0.48 0.26+0.05 <LOQ 0.14+0.03

Warwick 0.40+0.03 <LOQ 0.22+0.06 <LOQ 0.13+0.01 <LOQ

Gunpowder 1.71+0.02 0.11+0.02 1.40+0.12 0.20+0.02 0.10+0.01 <LOQ

Longjing 2.98+0.80 0.34+0.07 8.54+1.52 1.03+0.10 0.11+0.02 1.18+0.06

Lung Ching 1.51+0.24 0.11+0.02 2.37+0.39 0.25+0.02 0.10+0.02 0.28+0.01
White tea

White (high quality) 9.05+1.51 0.76+0.25 1.43+0.29 0.88+0.07 <LOQ <LOQ

White (low quality) 2.02+0.11 0.23+0.02 <LOQ 0.10+0.01 <LOQ <LOQ

Pai Mu Tan 1.72+0.41 0.25+0.04 <LOQ <LOQ 0.12+0.02 <LOQ
Oolong tea

Formosa Fancy Superior 12.44+0.24 2.51+0.12 6.43+1.14 1.30+£0.22 0.30+0.05 1.21+0.12
Black tea

Darjeeling 0.67+0.03 0.36+0.04 0.87+0.16 0.12+0.02 0.17+0.03 0.12+0.01

English breakfast 1.23+0.06 0.27+0.02 0.55+0.13 0.12+0.01 0.15+0.02 0.12+0.01
Tea-like

Raspberry leaf <LOD <LOD <LOD 0.10+0.03 0.16+0.01 0.12+0.02

Nettle 0.60+0.14 0.12+0.03 <LOQ 0.10+0.01 0.16+0.02 0.31+0.03

LOD limit of detection. LOQ limit of quantification
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Fig.2 Concentrations of selected six alkylpyrazines in the different tea and tea-like infusions (n=4) after DI-SBSE
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Fig. 3 Percentage distribution of selected alkylpyrazines in analyzed tea and tea-like infusions in relation to total alkylpyrazine concentration

would expect a lower alkylpyrazine concentration. Seog- White tea is characterized by a fine note and is produced
wang, Himalaya View, and Gunpowder green tea showed  like green tea but using only leaves with fine silvery-white
similar alkylpyrazine levels around 4 ug/L and a similar pat-  hairs on the unopened buds [24]. In the three analyzed white
tern to other green teas. teas concentrations of 2-ethyl-3,6-dimethylyprazine were
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all below the LOQ. Besides, 2,5-dimethylpyrazine was only
identified in the high-quality white tea and was found in sec-
ond highest concentration after 2-methylpyrazine (Fig. 3).
2-Methylpyrazine was also found as major pyrazine in the
other two analyzed white teas. Low quality white tea and
Pai Mu Tan showed similar quantities of alkylpyrazines
with around 2 pg/L, whereas the high-quality tea had an
almost five times fold concentration with 12.12+0.57 pg/L
(Table 3, Fig. 2). Nevertheless, in the overall pattern, all ana-
lyzed white teas showed huge similarities and were clearly
distinguishable from the other tea types.

The two analyzed black tea infusions showed similar total
alkylpyrazine concentrations around 2 ug/L (Table 3), but
slight differences in the proportions: in Indian Darjeeling
2,5-dimethylpyrazine shared the highest proportion (37%)
besides 2-methyl- (29%) and 2-ethylpyrazine (16%). In the
English Breakfast infusion, clearly 2-methylpyrazine shared
the highest proportion with 51% of the total alkylpyrazine
concentration, followed by 2,5-dimethylpyrazine with 23%
and 2-ethylpyrazine with 11% (Fig. 3). Proportions of higher
substituted alkylpyrazines shared similar values for the ana-
lyzed black teas. Total concentrations of total alkylpyrazines
in black tea were comparable to white tea and some green
teas. Interestingly, the 2-ethylpyrazine proportions is much
higher in white and black tea types compared to green tea
(Table 3). Black tea often comes from India or Sri Lanka and
less from other tea producing countries like China or Japan.
Because of different climatic realities, black tea is often
produced from Camellia sinensis var. assamica, whereas
green teas from China and Japan are produced from Camel-
lia sinensis var. sinensis [24]. Both varieties have different
physiological properties regarding climate, growing area,
and constitutions regarding different chemical classes, e.g.,
the caffeine content [32, 33]. Therefore, it seems reasonable
that a different precursor pattern and therefore a different
alkylpyrazine pattern might be present in the original leaves
from the two varieties. Besides, black tea is produced via an
enzymatically induced oxidation catalysed by catechol oxi-
dases [34]. However, not only catechol oxidases are active
during the oxidation but also a series of other enzymes and
reactions that finally form the desired black tea flavor [35].
Therefore, it might also be possible that the pyrazine pattern
is also changing during the oxidation process. This effect
could not be cleared up in this study since no corresponding
fresh leaves were analyzed.

Besides the classical teas from the tea plant, there are also
a series of other teas available on the market. To distinguish
between the different types, teas produced from herbs, other
leaves or even fruits are referred as tea-like products. Two
examples of this are raspberry leaf tea and nettle tea. Both
teas are quite common in Germany as they are reported to
have certain health effects [36, 37]. In this study, the two
tea-like samples were chosen to also gain hints on the

@ Springer

alkylpyrazine pattern in other tea-like products. It could
clearly be shown, that both samples had a unique pyrazine
pattern and were clearly differentiable from the other sam-
ples. Both tea-like infusions together with Warwick green
tea also shared the lowest detected total alkylpyrazine con-
centrations among all analyzed samples (¢ < 1.30 pg/L).
In the raspberry leaf infusion, only the higher substituted
alkylpyrazines were detected: 2,3,5-trimethylpyrazine and
2-ethyl-3,5(6)-dimethylpyrazines were found in similar rela-
tive concentrations (Fig. 3). No single or double substituted
pyrazines were detected and therefore a completely different
pattern to the Camellia-teas could be observed. For nettle tea
2-ethyl-3,6-dimethylpyrazine was found with a proportion
about 23%, besides 2-methylpyrazine and 2-ethlypyazine as
major pyrazines. In all other analyzed tea infusions 2-ethyl-
3,5-dimethylpyrazine and 2-ethyl-3,6-dimethylpyrazine were
found as minor compound with maximum 10% in the whole
proportion, except for Warwick green tea. In addition, for
nettle tea, a characteristic pyrazine pattern could be estab-
lished which differed from the Camellia teas. Overall, we
could show that it is possible to distinguish types of tea and
tea-like infusion types by its selected alkylpyrazine pattern,
even though the total alkylpyrazine quantity does not show
any similarities.

When comparing the overall proportioning some trends
for the alkylpyrazines in each tea infusion could be observed
as well. Especially when comparing single alkylpyra-
zines, distinct dependencies were found. For instance, the
2,5-dimethylpyrazine and the 2-ethyl-3,6-dimethylpyra-
zine concentration (R?=0.85), the 2-methylpyrazine and
the total alkylpyrazine concentration (R>=0.84), and the
2-methylpyrazine and 2-ethylpyrazine content (R?=0.83)
seemed to be highly correlated in the analyzed infusions
(Fig. 4 A-C). But also, good correlations (R*>0.62) were
found for 2,5-dimethylpyrazine and 2,3,5-trimethylpyrazine
concentration, 2-ethylpyrazine and 2,3,5-trimethylpyrazine
concentration, 2-ethylpyrazine and total alkylpyrazine con-
centration, 2-methylpyrazine and 2,3,5-trimethylpyrazine
concentration, 2,3,5-trimethylpyrazine and 2-ethyl-3,6-di-
methylpyrazine concentration, as well as 2-ethyl-3,6-dimeth-
ylpyrazine and the total alkylpyrazine concentration (Fig. 4
D-I). This shows that despite typical patterns for different
teas also some strong overall correlations between different
alkylpyrazines are existing. Since these correlations were
found for all tea infusions, we assume that the manufacturing
processes do not only determine the alkylpyrazine pattern,
but also a defined intrinsic precursor pattern in the leaves.
The exact effects could not be determined in this study,
since no detailed information on geographic origin, harvest
time, or processing were available for most of the samples.
Despite only the final teas were analyzed and no monitoring
while processing from the fresh leaves to the final products
was performed.
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Conclusion

Alkylpyrazines are character compounds in many heated
and processed foods. In tea they play an important role for
the overall roasted or nutty aroma of several types. With
help of a reliable and sensitive DI-SBSE method, we could
show that overall quantity of alkylpyrazines can drasti-
cally differ but show a similar pattern for each tea type. In
addition, distinct dependencies between single alkylpyra-
zines were observed for all individual analyzed samples.
Whether the effects only come from processing methods
or also are given by the intrinsic pyrazine precursor ratio
and concentration present in the harvested leaves could
not be clarified in total here since no detailed information
on exact geographic origin or harvest time were available.
Further studies need to be conducted with comparing also
non-processed fresh tea leaves to the final tea products.
Besides, the effects of infusion preparing were not exam-
ined here and are worth further investigations.
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