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Abstract

An odorant screening by gas chromatography—olfactometry (GC—-O) and a crude aroma extract dilution analysis (AEDA)
applied to the volatiles isolated from a light and a dark liquid malt extract (LME) by solvent extraction and solvent-assisted
flavour evaporation (SAFE) identified 28 odorants. Fifteen major odorants were subsequently quantitated and odour activ-
ity values (OAVs) were calculated as ratio of the concentration to the respective odour threshold value (OTV). Important
odorants in the light LME included 3-(methylsulfanyl)propanal (OAV 1500), (E)-p-damascenone (OAV 430), and 4-ethe-
nyl-2-methoxyphenol (OAV 91). In the dark LME, sotolon (OAV 780), 3-(methylsulfanyl)propanal (OAV 550), (E)-p-
damascenone (OAV 410), acetic acid (OAV 160), and maltol (OAV 120) were of particular importance. To get an insight
into the changes during malt extract production, the quantitations were extended to the malt used as the starting material
for both LMEs. Addition of a minor amount of water to malt before volatile extraction was shown to be effective to cover
the free as well as the bound malt odorants. Results showed that some LME odorants originated from the starting material
whereas others were formed during processing. Important process-induced LME odorants included (E)-f-damascenone and
4-ethenyl-2-methoxyphenol in the light LME as well as maltol, sotolon, (E)-pf-damascenone, and 2-methoxyphenol in the
dark LME. In summary, the odorant formation during LME production was shown to be more important than the transfer
of odorants from the malt.

Keywords Liquid malt extract - Pilsner malt - Aroma extract dilution analysis (AEDA) - Odour activity value (OAV) -
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Abbreviations HDMF 4-Hydroxy-2,5-dimethylfuran-
AEDA Aroma extract dilution analysis 3(2H)-one
AV Acidic volatiles id. Inner diameter
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DME Dry malt extract MCSS Moving column stream switching
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FFAP Free fatty acid phase TOF Time of flight
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GC-O0 Gas chromatography—olfactometry SDE Simultaneous distillation/extraction
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Maltol 3-Hydroxy-2-methyl-4H-pyran-4-
one

y-Nonalactone 5-Pentyloxolan-2-one

Sotolon 3-Hydroxy-4,5-dimethylfuran-
2(5H)-one

Vanillin 4-Hydroxy-3-methoxybenzaldehyde

Introduction

Malts are germinated and re-dried grains, primarily of bar-
ley, but also of wheat, rye, and other cereals. The grains are
first treated with water until the moisture content increases
from~ 12% to 43-48%. This initiates germination, during
which enzymes start to break down starch to reducing sug-
ars. After 4-6 days, the so-called green malt is dried in a
kiln to obtain pale malt with a residual moisture content
of 3.5-4% or dark malt with a residual moisture content
of 1.5-2% [1, 2]. Malts can be further processed to malt
extracts. For this purpose, the malt grains are milled and
mashed with warm water. Application of a specific tempera-
ture program results in a substantial enzymatic degradation
of biopolymers such as starch and proteins. After separation
from the solid grain particles (malt draff), the aqueous phase
is concentrated to yield a liquid malt extract (LME) with a
syrup-like consistency. The LME can be further dried, e.g.
by spray drying, to obtain a crystalline material marketed as
dried malt extract (DME) [2, 3].

Malt extracts are mainly used in the baking industry.
There is also a significant use of malt extracts for the pro-
duction of confectionery, breakfast cereals, and other food
products as well as for home brewing. In the baking industry,
malt extracts are added to flours with low diastatic activity to
provide fermentable sugars [4, 5], but also to enhance colour
and aroma of bakery products. Particularly the contribution
of malt extracts to the aroma of bakery products is yet poorly
understood. The olfactory profile of malt extracts is charac-
terized by malty, caramel-like, and honey-like odour notes.
However, little is known on their molecular background.

In 1980, Farley and Nursten [6] applied gas chromatog-
raphy—olfactometry (GC—O) and gas chromatography—mass
spectrometry (GC-MS) to a volatile isolate obtained from
an LME by simultaneous distillation/extraction (SDE) [7].
Forty-seven odour-active compounds were detected. GC—MS
resulted in 38 structure proposals. However, structure assign-
ments were not confirmed by GC-O of reference substances.
Furthermore, the fact that SDE leads to extensive artefact
formation [8] was not addressed. The compounds 2- and
3-methylbutanal were highlighted as odorants with malty
characteristics and a high importance for the organoleptic
properties of the LME. Przybylski and Kamiriski [9] used
GC to separate the volatiles isolated from a rye malt extract
by liquid—liquid extraction into 39 fractions and evaluated
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their odour. GC-MS analysis led to 32 structure proposals,
but no attempt was made to assess the role of the identified
compounds for the odour of the fractions.

Unlike the scarce scientific literature on malt extract
volatiles, numerous papers have been published on the
volatiles in different malts, including green malt [10, 11],
peated malt [12—14], dark malt [10, 15], crystal malt [11,
15, 16], caramel malt [10, 17-19], and roasted malt [15,
18, 20]. In summary, ~ 250 volatiles have been identified
[21]. The odour contribution of individual malt volatiles
was assessed in a study on caramel malt [10, 17]. Applica-
tion of GC-O in combination with an aroma extract dilu-
tion analysis (AEDA) [22] to a volatile isolate obtained by
solvent extraction and solvent-assisted flavour evaporation
(SAFE) [23] revealed high flavour dilution (FD) factors for
3-methylbutanal, oct-1-en-3-one, 3-(methylsulfanyl)pro-
panal, (2E,4E)-deca-2,4-dienal, 2- and 3-methylbutanoic
acid, 4-hydroxy-2,5-dimethylfuran-3(2H)-one (HDMF), and
vanillin. Quantitation experiments, the calculation of odour
activity values (OAVs), aroma reconstitution, and omis-
sion tests finally showed that the malty smelling aldehydes
3-methylbutanal (OAV 235) and 2-methylpropanal (OAV
70) were key compounds in the aroma of the caramel malt.

In summary of the literature overview, a comprehensive
study on the key odorants in malt extracts for the baking
industry was still lacking. In particular, it was unknown,
whether malt extract odorants mainly originate from a trans-
fer of malt odorants or whether a de novo formation during
the processing of the malt to the malt extract also makes
a contribution. This knowledge, however, is crucial for a
targeted optimization of the aroma of malt extracts. The
objective of the present study was to elucidate the major
odour-active compounds in a light LME and in a dark LME
for the baking industry, both produced from the same malt,
and relate their concentrations to the concentrations that
were initially present in the malt.

Materials and methods
Malt and malt extract samples

Light LME (77.5-81.0% dry matter, 48.2% sugar), dark
LME (59.0-65.0% dry matter, 22.1% sugar), and the Pilsner
malt from which both malt extracts had been produced, were
obtained from Ireks (Kulmbach, Germany). The light LME
was obtained from the Pilsner malt after milling, mashing
with water, and application of vacuum concentration to the
aqueous extract. The dark LME was obtained from the light
LME by an additional heating step followed by dilution
with water. 1 kg Pilsner malt yielded 0.94 kg light LME and
1.20 kg dark LME.
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Reference odorants

The following compounds were purchased from commercial
sources: 1, 22 (Alfa Aesar, Karlsruhe, Germany), 2-5, 8-10,
12, 14, 16, 17, 19, 20, 23, 24, and 26-28 (Merck, Darm-
stadt, Germany). Compound 11 was a gift from Symrise
(Holzminden, Germany). The following compounds were
synthesised as detailed in the literature: 6 [24] and 18 [25].

Stable isotopically substituted odorants

The following compounds were purchased from commer-
cial sources: (2H3)-4 and (13C2)-26 (Merck), (2H5)-16 (CDN
Isotopes, Quebec, Canada), and (13C2)-20 (aromalLAB,
Planegg, Germany). The following compounds were syn-
thesised as detailed in the literature: (2H3)-5 [26], (13C2)-8
[271, (*H,)-9 [28], (*Hy)-11 [29], (*H;)-14 [30], (1*C¢)-22
[31], (**C,)-23 [32], and (*H,;)-27 [33]. (*C,)-10 was pre-
pared using the approach detailed in [31], but starting from
(2E)-oct-2-enal instead of (2E)-(1,2-*C,)oct-2-enal. (°C,)-
17 was synthesised as detailed below.

Miscellaneous chemicals

The following chemicals were purchased from commercial
sources: (13C)ethanoic anhydride (Euriso-top, Saint-Aubin,
France), furan, 2-methylpropan-2-ol, and sodium borohy-
dride (Merck), nitromethane, aqueous sodium hypochlorite
solution with 5% available chlorine, and tin(II) trifluo-
romethanesulfonate (VWR, Darmstadt, Germany). Diethyl
ether, dichloromethane (CLN, Freising, Germany), and
pentane (VWR) were freshly distilled through a column
(120 cm X 5 cm) packed with Raschig rings.

Synthesis of ('3C,)maltol [(**C,)-17]
1-(Furan-2-yl)(**C,)ethan-1-one

Following the approach published for the isotopically
unmodified compound [34], Friedel-Crafts acylation of
furan (75 mg, 1.1 mmol) with (*C)ethanoic anhydride
(250 mg, 2.4 mmol) in dichloromethane (1 mL) using tin(IT)
trifluoromethanesulfonate (23 mg, 0.055 mmol) as Lewis
acid resulted in 1-(furan-2—yl)(13C2)ethan- 1-one.

1-(Furan-2-yl)(**C,)ethan-1-ol

The 1—(furan—2—y1)(13C2)ethan—l—one obtained above was
dissolved in methanol (5 mL) and sodium borohydride
(60 mg, 1.6 mmol) was slowly added, while maintaining
the temperature below 40 °C. The solvent was removed
in vacuo, water (20 mL) was added and the product was
extracted with diethyl ether (3 x50 mL). After drying over

anhydrous sodium sulphate, the solvent was removed in
vacuo to yield 1-(furan-2-y1)(**C,)ethan-1-ol [10].

Synthesis of ("*C;)maltol [(3C,)-17]

Following the approach for the synthesis of the isotopi-
cally unmodified compound [35], the l—(furan-2-yl)(13C2)
ethan-1-ol obtained above was added to acetic acid (5 mL)
and reacted with zert-butyl hypochlorite (1.3 g, 12 mmol)
previously prepared as detailed in [36]. The resulting prod-
uct was purified by silica gel chromatography with a pen-
tane/diethyl ether gradient to afford 3.3 mg of 3-hydroxy-
2-(13C)methyl(2-13C)-4H-pyran-4-one, that is (1°C,)
maltol, in 99.95% purity (GC-FID) equivalent to 2.4%
overall yield. MS (EI): m/z (%) 71 (100), 128 (91), 45 (78),
43 (50), 57 (39), 55 (38), 99 (28), 54 (27), 44 (23), 42 (23),
56 (17), 53 (17), 41 (17), 69 (16), 58 (11), 46 (9), 39 (8),
72 (8), 40 (7), 126 (7), 52 (6), 70 (5). The mass spectrum
in comparison with the mass spectrum of the isotopically
unmodified compound (Supplementary file 1, Fig. S1 and
Fig. S2) confirmed the incorporation of two '*C atoms and
its suitability as internal standard in quantitation assays.

GC-0

A Trace Ultra series GC (Thermo Fisher Scientific,
Dreieich, Germany) was equipped with a cold on-column
injector, an FID (250 °C base temperature), and a custom-
made sniffing port (230 °C base temperature) [13]. Two
different fused silica columns were used, either a J&W
DB-FFAP, 30 m X 0.32 mm i.d., 0.25 pm film thickness,
or aJ&W DB-5, 30 mx0.25 mm i.d., 0.25 um film thick-
ness (both Agilent, Waldbronn, Germany). The end of
the column was connected to a Y-shaped quick-seal glass
connector (CHM, Fridolfing, Germany) that directed
the effluent via two deactivated fused silica capillaries,
30 cm x 0.2 mm i.d. (Agilent) to the FID and the sniffing
port, respectively. The carrier gas was helium at a constant
pressure of 70 kPa for the DB-FFAP column and 95 kPa
for the DB-5 column. The injection volume was 1 uL. The
initial oven temperature of 40 °C was held for 2 min, fol-
lowed by a gradient of 6 °C/min. The final temperatures
were 230 °C for the DB-FFAP column and 240 °C for the
DB-5 column. During GC-O analysis, a panellist placed
his nose above the sniffing port and evaluated the effluent.
The panellist marked odorous regions in the FID chroma-
togram plotted by a recorder and noted the odour quality
[8]. A linear retention index (RI) was calculated for each
odour-active compound from its retention time and the
retention times of adjacent n-alkanes by linear interpola-
tion [37].
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GC-MS

A 7890B GC was equipped with a GC 80 autosampler,
a multimode injector, and a J&W DB-FFAP column,
30 mx0.25 mm i.d., 0.25 pm film thickness and was con-
nected to a Saturn 220 ion trap mass spectrometer (Agilent).
The carrier gas was helium at a constant flow of 1.0 mL/
min. The injection volume was 1 puL. The injection tem-
perature was 40 °C. The initial oven temperature of 40 °C
was held for 2 min, followed by a gradient of 6 °C/min to a
final temperature of 230 °C. Mass spectra were generated in
the chemical ionisation (CI) mode with methanol as reagent
gas. For data analysis the MS Workstation 7.0.2 software
(Agilent) was used.

Heart-cut GC-GC-MS

A Trace GC Ultra (Thermo Fisher Scientific) was equipped
with a PAL autosampler (CTC Analytics, Zwingen, Swit-
zerland), a cold on-column injector, and a J&W DB-FFAP
column, 30 mx0.32 mm i.d., 0.25 pm film thickness (Agi-
lent). The carrier gas was helium at a constant pressure of
110 kPa. The injection volume was 1-2 pL. The initial oven
temperature of 40 °C was held for 2 min, followed by a gra-
dient of 6 °C/min to a final temperature of 230 °C. The end
of the column was connected to a moving column stream
switching (MCSS) device (Thermo Fisher Scientific), which
allowed for a time-programmed transfer of the eluate via
deactivated fused silica capillaries (0.32 mm i.d.) either
simultaneously to an FID (250 °C base temperature) and a
sniffing port (230 °C base temperature) or via another deacti-
vated fused silica capillary passed through a heated (250 °C)
hose to a liquid nitrogen-cooled trap located in the oven of
a CP 3800 GC (Agilent). Helium served as make-up gas
for the MCSS device (50 kPa). The capillary in the second
oven was a J&W DB-1701, 30 mx 0.25 mm i.d., 0.25 um
film thickness (Agilent). The initial oven temperature of
40 °C was held for 2 min, followed by a gradient of 6 °C/
min to a final temperature of 240 °C. The end of this column
was connected to a Saturn 2200 ion trap mass spectrometer
(Agilent). Mass spectra were generated in the CI mode with
methanol as reagent gas. For data analysis the MS Worksta-
tion 6.9.3 software (Agilent) was used.

Comprehensive two-dimensional gas
chromatography-time of flight MS (GC x GC-TOFMS)

A 6890 GC (Agilent) was equipped with Combi PAL autosa-
mpler (CTC Analytics), a CIS 4 injector (Gerstel, Miilheim
an der Ruhr, Germany), and a J&W DB-FFAP column,
30 mx0.25 mm i.d., 0.25 pym film thickness (Agilent) used
as first column. The carrier gas was helium at a constant flow
of 2.0 mL/min. The injection volume was 1 uL. The initial
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oven temperature of 40 °C was held for 2 min, followed
by a gradient of 6 °C/min to a final temperature of 230 °C.
The end of the column was connected to a second column,
J&W DB-1701, 2.7 mx0.18 mm i.d., 0.18 pum film thick-
ness (Agilent). A liquid nitrogen-cooled dual stage quad-
jet thermal modulator was installed at the beginning of the
second column and operated with a modulation period of
4 s. The major part of the second column was installed in a
secondary oven mounted inside the primary GC oven. The
initial oven temperature of the secondary oven was 45 °C
and was held for 2 min, followed by a gradient of 6 °C/min
to a final temperature of 240 °C. The end of the column was
connected to a Pegasus II TOF mass spectrometer (Leco,
Monchengladbach, Germany) via a heated (250 °C) transfer
line. Mass spectra were generated in the electron ionisation
(EI) mode at 70 eV with a scan range of m/z 35 —-350 and a
scan rate of 100 spectra/s. For data analysis, the GC Image
(Lincoln, NE, USA) software was used.

Isolation of volatiles

LME samples (10 g) were diluted with water (20 mL) and
stirred with diethyl ether (80 mL) at room temperature for
2 h. The aqueous phase was separated and stirred with a sec-
ond portion of diethyl ether (80 mL). The combined organic
phases were dried over anhydrous sodium sulphate and non-
volatile matrix components were removed by SAFE at 40 °C
[23]. The distillate was concentrated to a final volume of
1 mL using a Vigreux column (50 X 1 cm) and a Bemelmans
microdistillation device [38].

AEDA

Volatile isolates prepared from light and dark LME as
described above were repeatedly subjected to GC-O analy-
sis (FFAP column) by three trained and experienced sniffers.
After the results had become reproducible, the volatile iso-
lates were stepwise diluted 1:10 with diethyl ether to obtain
dilutions of 1:10, 1:100, 1:1000, and 1:10,000 of the initial
solution. The diluted samples were also analysed by GC-O
(three sniffers) and each odorant was assigned an FD factor
defined as the dilution factor of the highest diluted sample
in which the odorant was detected during GC-O analysis by
any of the three panellists [8].

Odorant quantitation

LME samples (0.5-20 g) were diluted with water (4—40 mL).
Diethyl ether (16-160 mL) and stable isotopically substituted
odorants (cf. Supplementary file, Table S1; 0.03—-400 pg)
were added, and the mixture was stirred at room temperature
overnight. The aqueous phase was separated, shaken with a
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second portion of diethyl ether (16—-160 mL), and the organic
phases were combined.

Commercial malt powder (2 g) was either added to die-
thyl ether (20 mL), or malt powder (0.5 g) was added to
a mixture of diethyl ether (19 mL) and water (1 mL), or
malt powder (0.5 g) was first mixed with water (2 mL), the
mixture was allowed to stand for 30 s, 1 min, 2 min, 5 min,
15 min, or 180 min, and finally anhydrous sodium sulphate
(10 g) suspended in diethyl ether (50 mL) was added. Sta-
ble isotopically substituted odorants (0.1-2 ug) were added
and the mixture was stirred at room temperature overnight.
The supernatant was decanted, the residue was stirred with
a second portion of diethyl ether (20 mL), and the organic
phases were combined.

Pilsner malt was frozen with liquid nitrogen and ground
into a fine powder using a laboratory mill Grindomix GM
200 (Retsch, Haan, Germany) at 4000 rpm (10 s) and
10,000 rpm (10 s). Diethyl ether (19-190 mL) and water
(1-10 mL) were added to the powder (0.5 —20 g) followed
by stable isotopically substituted odorants (0.01-20 ug), and
the mixture was stirred at room temperature overnight. The
supernatant was decanted, the residue was stirred with a
second portion of diethyl ether (20-200 mL), and the organic
phases were combined.

The ethereal extracts obtained from the different materials
were dried over anhydrous sodium sulphate and non-vola-
tiles were removed by SAFE at 40 °C. The SAFE distillates
were separated into neutral and basic volatiles (NBV) and
acidic volatiles (AV) as detailed in [39]. Fractions NBV and
AV were concentrated to final volumes between 0.2 mL and
5 mL. Concentrates were analysed by using the GC-MS
system (4), the heart-cut GC—GC-MS system (9), or the
GC x GC-TOFMS system (5, 8, 10, 11, 14, 16, 17, 20, 22,
23, 26, and 27). Odorant concentrations were finally cal-
culated from the area counts of the analyte peak and the
internal standard peak as obtained from the extracted ion
chromatograms of characteristic quantifier ions, the amount
of LME or malt used, and the amount of standard added by
employing a calibration line equation previously obtained
from the analysis of analyte/standard mixtures in five differ-
ent concentration ratios (5:1, 2:1, 1:1, 1:2, and 1:5). Quanti-
fier ions and calibration line equations are available in the
Supplementary file, Table S1. The individual concentrations
of the two isomers of 9 were determined from the concen-
trations obtained for the sum of isomers and the ratios of
isomers, which were determined by GC X GC-TOFMS using
the approach detailed in [40].

Quantitative olfactory profiles
LME samples (5 g) were placed in cylindrical ground neck

glasses (7 cm height, 3.5 cm i.d.) with lids (VWR, Darm-
stadt, Germany). A panel of 16—18 trained assessors (males

and females, ages 21-49) orthonasally evaluated the intensi-
ties of pre-defined descriptors on a scale from 0 to 3 with 0.5
increments and 0 =not detectable, 1 =weak, 2 =moderate,
and 3 =strong. Descriptors had previously been collected
by free-choice profiling. Each descriptor was defined by the
odour of a reference compound dissolved in water in a con-
centration ~ 100 times above its orthonasal odour threshold
value (OTV). Reference compounds were selected on the
basis of their odour and their occurrence in malt and other
thermally treated foods [41, 42]. The twelve descriptors
and the corresponding reference compounds were “smoky”
(2-methoxyphenol; OTV 0.84 ug/kg [43]), “earthy”
(2,3,5-trimethylpyrazine; OTV 11 pg/kg [44]), “roasty”
(2-acetyl-2-thiazoline; OTV 0.079 pg/kg [44]), “season-
ing-like” (sotolon; OTV 1.7 pg/kg [45]), “cooked potato-
like” (3-(methylsulfanyl)propanal; OTV 0.43 ug/kg [43]),
“cheesy” (3-methylbutanoic acid; OTV 490 ug/kg [43]),
“fatty” ((2E,4E)-deca-2,4-dienal; OTV 0.027 pg/kg [43]),
“malty” (3-methylbutanal; OTV 0.5 ug/kg [43]), “honey-
like” (phenylacetic acid; OTV 68 pg/kg [46]), “caramel-like”
(HDMF; OTV 87 pg/kg [47]), “vanilla-like” (vanillin; OTV
53 ug/kg [43]), and “clove-like” (4-allyl-2-methoxyphenol;
OTYV 1.8 pg/kg [48]). The results of the individual panellists
were averaged by calculating the arithmetic mean.

Results and discussion
Sensory characterization of light and dark LME

A light LME and a dark LME, both obtained from the same
batch of malt, were orthonasally compared by a trained sen-
sory panel in a quantitative olfactory profile analysis using
12 pre-defined descriptors. Results (Fig. 1) showed clear dif-
ferences between the samples. The aroma of the dark LME
was characterized by stronger smoky, earthy, roasty, season-
ing-like, and malty notes and slightly more intense caramel-
like and clove-like notes compared to the light LME. The
profile of the light LME showed a higher intensity only in
the honey-like odour note. The differences in the olfactory
profiles corresponded to the different production protocols.
In particular, the processing of the dark LME included an
additional heating step, suggesting an increased formation
of Maillard reaction products [49, 50].

Screening for odour-active compounds in light
and dark LME

To get a first insight into the odorants responsible for the
different olfactory profiles of the light LME and the dark
LME, the volatiles were isolated by solvent extraction and
SAFE, and screened for odour-active compounds by GC-O
and a crude AEDA using 1:10 dilutions. This resulted in a
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Clove Earthy
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y potato
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Fatty
Light LME == Dark LME

Fig. 1 Quantitative olfactory profiles of light and dark LME. Panel-
lists rated the intensity of each descriptor on a scale from O to 3 in
0.5 increments with O=not detectable, 1=weak, 2=moderate, and
3 =strong

total of 28 odorants (Table 1). Preliminary structural assign-
ments were achieved by comparing odour quality and RlIs
with data from literature [17] and from the Leibniz-LSB @
TUM odorant database [42]. Assignments were confirmed
by comparing the odour quality, the RIs on two columns of
different polarity (DB-FFAP, DB-5), and the odour intensity
at adequate concentration levels, as well as the mass spectra
recorded by GC X GC-TOFMS to data of authentic reference
substances analysed under the same conditions. Using this
approach, 21 out of the 28 LME odorants were unequivo-
cally identified. Due to low concentrations, no mass spectra
were obtained for oct-1-en-3-one (3) and trans-4,5-epoxy-
(2E)-dec-2-enal (18). Nevertheless, their identification was
considered unambiguous due to their highly characteristic
odour quality. As no reference compound was available,
caramel-like smelling odorant 13 was only tentatively iden-
tified as dihydromaltol on the basis of a comparison of the
odour quality, the RI, and the mass spectrum with literature
data [17]. In summary, structures could be assigned to 24
out of the 28 malt extract odorants, all of which had already
been reported as malt or malt extract components [6, 9, 17].

In both malt extract samples, a high FD factor of 1000
was determined for honey-like smelling phenylacetic acid
(26) and vanilla-like smelling vanillin (27). Higher FD fac-
tors in the light LME than in the dark LME were in particu-
lar found for caramel-like smelling HDMF (20; FD 1000 vs.
10), metallic smelling trans-4,5-epoxy-(2E)-dec-2-enal (18;
FD 100 vs. 1), clove-like smelling 4-ethenyl-2-methoxyphe-
nol (22; FD 100 vs. < 1), and honey-like smelling pheny-
lacetaldehyde (8; FD 100 vs. 10). Higher FD factors in the
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dark LME were obtained for the two caramel-like smelling
compounds maltol (17; FD 1000 vs. 100) and dihydromaltol
(13; FD 100 vs. 1), seasoning-like smelling sotolon (23; FD
1000 vs. 10), smoky smelling 2-methoxyphenol (14; FD 100
vs. 10), and the carboxylic acids acetic acid (4; FD 100 vs.
10) and 2-/3-methylbutanoic acid (9; FD 100 vs. 10). In both
LMEs, the FD factors of highly volatile compounds such
as 2- and 3-methylbutanal (1), and oct-1-en-3-one (3) were
considerably lower than in malt [17], indicating losses in
the concentration step during the malt extract production.
Similar losses of such highly volatile malt compounds have
been reported during wort boiling [51].

Odorant quantitation in light and dark LME and OAV
calculation

To substantiate the differences in the odorants between the
light LME and the dark LME and lift the investigations to
a higher level of accuracy, 15 selected odorants were quan-
titated by GC-MS. Selection was based on the FD factors
obtained in the screening experiments and according to lit-
erature on the relevance of the compounds for bread aroma
[42, 52, 53]. Stable isotopically substituted odorants were
employed as internal standards to compensate for losses
during the sample workup. Results (Table 2) revealed con-
centrations in a range between 0.519 pg/kg for (2E,4E)-deca-
2,4-dienal (11) and 869,000 pg/kg for acetic acid (4). To
assess the odour potency of the odorants, OAVs were calcu-
lated by dividing the individual concentrations by the OTVs
of the compounds in water.

In the light LME, 12 of 15 compounds showed OAVs > 1.
High OAVs were calculated for cooked potato-like smelling
3-(methylsulfanyl)propanal (§; OAV 1500), cooked apple-
like smelling (E)-p-damascenone (11; OAV 430), clove-like
smelling 4-ethenyl-2-methoxyphenol (22; OAV 91), and
the two honey-like smelling odorants phenylacetaldehyde
(8; OAV 70) and phenylacetic acid (26; OAV 58). In the
dark LME, 11 of 15 compounds showed OAVs > 1. High
OAVs were calculated for seasoning-like smelling sotolon
(23; OAV 780), cooked potato-like smelling 3-(methylsul-
fanyl)propanal (5; OAV 550), cooked apple-like smelling
(E)-p-damascenone (11; OAV 410), vinegar-like smelling
acetic acid (4; OAV 160), caramel-like smelling maltol (17,
OAYV 120), and honey-like smelling phenylacetic acid (26;
OAV 62).

The differences found in the OAVs between the light
LME and the dark LME very well corresponded to the dif-
ferences in the quantitative olfactory profiles (cf. Fig. 1).
For example, the stronger honey-like odour note in the
light LME reflected the higher OAV of phenylacetalde-
hyde (8; OAV 70 vs. 20). With OAVs of 58 and 62, phe-
nylacetic acid (26) did obviously not contribute to this
sensory difference. In the dark LME, clearly higher OAV's
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-c:?sli!;;te?gt?tr:i?ffdi?rgh; f}iFE No Odorant® Odour® RI° FD factor!

light LME and the dark LME DB-FFAP DB-5 Light LME Dark LME
1 2- and 3-Methylbutanal Malty 938 663 10 10
2 Pentane-2,3-dione Buttery 1068 706 <1 10
3 Oct-1-en-3-one® Mushroom 1300 980 1 <1
4 Acetic acid Vinegar, sour 1451 638 10 100
5 3-(Methylsulfanyl)propanal Cooked potato 1458 904 100 100
6 (2Z)-Non-2-enal Fatty 1505 1149 <1 1
7 Unknown Sweet 1531 <1 1
8 Phenylacetaldehyde Honey 1645 1043 100 10
9 2- and 3-Methylbutanoic acid Cheesy 1668 867 10 100
10 (2E4E)-Deca-2,4-dienal Fatty 1818 1316 1 1
11  (E)-pf-Damascenone Cooked apple 1819 1386 10 10
12 Cyclotene Seasoning 1839 1031 <1 10
13 Dihydromaltol’ Caramel 1868 1 100
14  2-Methoxyphenol Smoky 1868 1086 10 100
15 Unknown Fruity 1892 10 <1
16  2-Phenylethan-1-ol Honey 1919 1117 10 10
17  Maltol Caramel 1981 1117 100 1000
18  trans-4,5-Epoxy-(2E)-dec-2-enal® Metallic 2009 1374 100 1
19  y-Nonalactone Coconut 2045 1363 <1 10
20 HDMF* Caramel 2034 1076 1000 10
21  Unknown Seasoning 2079 <1 10
22 4-Ethenyl-2-methoxyphenol Clove 2187 1314 100 <1
23 Sotolon Seasoning 2218 1123 10 1000
24 2,6-Dimethoxyphenol Smoky 2288 1307 1 10
25  Unknown Sweet 2493 <1 10
26  Phenylacetic acid Honey 2587 1278 1000 1000
27  Vanillin Vanilla 2593 1398 1000 1000
28  3-Phenylpropanoic acid Cinnamon 2625 1353 <1 10

#Each odorant was identified by comparing the RIs on two GC columns of different polarity (DB-FFAP,
DB-5), the mass spectrum obtained by GCx GC-TOFMS, as well as the odour quality perceived at the
sniffing port during GC-O to data obtained from authentic reference compounds analysed under equal con-
ditions

Odour quality as perceived at the sniffing port during GC-O

“Retention index; calculated from the retention time of the compound and the retention times of adjacent
n-alkanes by linear interpolation[37]

dFlavour dilution factor; dilution factor of the highest dilution of the volatile isolate in which the odorant
was detected during GC-O analyses

¢GC-MS analysis did not result in a clear mass spectrum, but comparison of RIs and odour quality with
respective data of an authentic reference compound allowed for unequivocal structure assignment

"The compound was tentatively identified by comparing the odour quality, the RI, and the mass spectrum
with data obtained from[17, 42]

£4-Hydroxy-2,5-dimethylfuran-3(2H)-one

were obtained for the well-known Maillard reaction prod-
ucts sotolon (23; OAV 780 vs. 7.4) and maltol (17; OAV
120 vs. 1.8) [49, 50] as well as for 2-methoxyphenol (14;
OAV 26 vs. 2.6). This corresponded well to the higher
intensities of the seasoning-like, the caramel-like, and the
smoky odour notes in the quantitative olfactory profile.
However, OAV data did not provide an explanation for the

higher ratings obtained for the earthy, roasty, and malty
notes in the dark LME.

Sources of LME odorants

The differences in the concentrations of important odor-
ants between the light and the dark LME already indicated

@ Springer
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Table 2 Concentrations, No.?

: Odorant OTV (ug/kg)® Light LME Dark LME

orthonasal OTVs in water, and

OAVs of important odour-active Conc. (ug/kg)® OAVY  Conc. (ug/kg)® OAVY

compounds in the light and the

dark LME 5 3-(Methylsulfanyl)propanal ~ 0.43 [43] 631 1500 235 550
23 Sotolon 1.7 [45] 12.6 7.4 1330 780
11 (E)-p-Damascenone 0.0060 [39] 2.59 430 2.45 410
4 Acetic acid 5600 [41] 186,000 33 869,000 160
17 Maltol 5000 [76] 9170 1.8 613,000 120
22 4-Ethenyl-2-methoxyphenol 21 [77] 1910 91 14.0 <1
8 Phenylacetaldehyde 5.2 [78] 362 70 107 20
26 Phenylacetic acid 68 [46] 3970 58 4220 62
27 Vanillin 53 [43] 1190 22 1710 32
10 (2E4E)-Deca-2,4-dienal 0.027 [43] 0.862 32 0.519 19
14 2-Methoxyphenol 0.84 [43] 2.18 2.6 21.9 26
9a 3-Methylbutanoic acid 490 [43] 335 <1 1580 32
20 HDMF® 87 [47] 221 2.5 35.9 <1
9b 2-Methylbutanoic acid 3100 [46] 89.4 <1 309 <1
16 2-Phenylethan-1-ol 140 [43] 113 <1 115 <1

“Numbers refer to Table 1

®Orthonasal odour threshold values in water; OTVs were taken from the references specified and had been

determined according to ASTM [79]

“Mean of duplicates or triplicates; standard deviations were <20%; individual concentration values and
standard deviations are available in Supplementary file 1, Tables S2 and S3

d0dour activity value; calculated as ratio of concentration to OTV
¢4-Hydroxy-2,5-dimethylfuran-3(2H)-one

a major impact of the processing steps from malt to extract,
at least for the dark LME which faced a higher thermal
impact. However, it was still unclear, whether a transfer of
malt odorants or the odorant formation during malt extract
processing is generally more important for the amount of
odorants finally present in the LMEs. To clarify this, we
aimed at quantifying all odorants previously quantitated in
the light LME and the dark LME (cf. Table 2) also in the
malt that served as starting material for both extracts.

It has been reported that in products with low moisture
content such as chocolate, cornflakes, crackers, and malt,
odour-active compounds are not only present in the free
form, but to a major extent in a bound form from which the
odorants are released by water contact [19, 54]. As during
LME production the malt also gets into contact with water,
we attempted to quantitate the free and bound odorants in
the malt as sum. It was shown that in malt, the Strecker
aldehydes 2- and 3-methylbutanal, phenylacetaldehyde, and
3-(methylsulfanyl)propanal increase 10-140-fold after water
treatment [19]. 3-Oxazolines formed during Strecker degra-
dation were suggested as the crucial hydrolabile precursors
of these compounds [54]. Own preliminary experiments,
however, showed that not only Strecker aldehydes, but also
other odour-active compounds increase in malt upon water
contact. Figure 2 exemplifies this for phenylacetaldehyde
(8), phenylacetic acid (26), and vanillin (27). The substances
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Fig.2 Concentrations of phenylacetaldehyde, phenylacetic acid, and
vanillin in malt powder determined without and with water addition
before solvent extraction

were quantitated in a commercial malt powder by using sta-
ble isotopically substituted odorants as internal standards
and two different workup procedures. To quantitate only the
free compounds, pure diethyl ether was used as extraction
solvent. By contrast, to cover additionally the bound com-
pounds, a minor amount of water was added together with
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the diethyl ether. A similar approach had been suggested
earlier for this purpose [10, 17].

Results showed clearly higher concentrations of all three
odorants when water was added. Water addition increased
the concentration of phenylacetaldehyde 33-fold from
60.6 ng/kg to 1990 pg/kg. The concentrations of pheny-
lacetic acid and vanillin also significantly increased. With
factors of 14 and 9, however, the increase was less pro-
nounced. These observations suggested a combination of a
general release mechanism applicable to volatiles in general
and an additional formation of Strecker aldehydes as sug-
gested before. Similar results were reported for oat prod-
ucts [55-57]. These authors suggested the cleavage of starch
complexes as a general odorant release mechanism.

Although the experiments with water addition indicated
a simultaneous quantitation of free and bound odorants in
malt, it yet remained unclear whether the release of the
bound odorants was exhaustive. To clarify this, we con-
ducted a series of quantitation experiments during which
water treatment and solvent extraction were temporally sepa-
rated and the duration of the water treatment was varied.
Experiments were again carried out with phenylacetalde-
hyde (8), phenylacetic acid (26), and vanillin (27). Results
(Fig. 3) showed a very quick release of the bound odorants.
The maximum value was already reached after 1 min of
water contact and equalled the concentrations previously
obtained after simultaneous addition of water and diethyl
ether. Thus, the simultaneous addition of water and diethyl
ether led to an exhaustive release of bound odorants and is
an appropriate approach to quantitate the sum of free and
bound volatiles in malt.

Application of this approach to the quantitation of impor-
tant LME odorants in the malt that served as starting mate-
rial for both, the light and the dark LMEs, resulted in con-
centrations ranging from 0.135 pg/kg for (E)-pf-damascenone
(11) to 404,000 ug/kg for acetic acid (4) (Table 3). High
concentrations were additionally determined for phenylac-
etaldehyde (8; 7000 pg/kg), phenylacetic acid (26; 6250 pg/
kg), 3-methylbutanoic acid (9a; 3810 ug/kg), 2-phenylethan-
1-ol (16; 1360 pg/kg), and 3-(methylsulfanyl)propanal (5;
1190 pg/kg). To assess odorant loss and odorant formation
on the way from the malt to the LMEs, the percentage of
change was calculated from the odorant concentrations in
the malt, the odorant concentrations in the LMEs, and the
process yields. Results revealed huge differences: percent-
ages ranged from 1.8% to 90,000% (Table 3).

Approximately half of the analysed compounds exhib-
ited recoveries below 100% in both extracts. These included
three compounds with comparatively high OAVs, namely
the cooked potato-like smelling 3-(methylsulfanyl)propa-
nal (5) and the honey-like smelling compounds phenylac-
etaldehyde (8) and phenylacetic acid (26). The recoveries
for 3-(methylsulfanyl)propanal were 50% and 24% in the
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Fig.3 Concentrations of phenylacetaldehyde (a), phenylacetic acid (b),
and vanillin (¢) in malt powder after stirring with water for different peri-
ods (dots) in comparison to the concentrations determined after simulta-
neous addition of water and diethyl ether (straight line)
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Table 3 Concentrations O.f No.? Odorant Conc. in malt Change (%)°
1rpp0rtant LME odorants in the (ug/ke)® .
Pilsner malt and changes during Malt to light Malt to dark LME
the production of the light LME LME
and the dark LME from the malt
17 Maltol 815 1100 90,000
23 Sotolon 4.07 290 39,000
11 (E)-p-Damascenone 0.135 1800 2200
14 2-Methoxyphenol 1.47 140 1800
22 4-Ethenyl-2-methoxyphenol 447 400 3.8
27 Vanillin 759 150 270
4 Acetic acid 404,000 43 260
26 Phenylacetic acid 6250 60 81
20 HDMF! 321 65 13
5 3-(Methylsulfanyl)propanal 1190 50 24
9a 3-Methylbutanoic acid 3810 8.3 50
9b 2-Methylbutanoic acid 792 11 47
16 2-Phenylethan-1-ol 1360 7.8 10
10 (2EAE)-Deca-2,4-dienal 13.1 6.2 4.7
8 Phenylacetaldehyde 7000 4.9 1.8

“Numbers refer to Table 1

"Mean of duplicates or triplicates; standard deviations were <20%; individual concentration values and
standard deviations are available in Supplementary file 1, Table S4

Calculated as (concentration in malt extract/concentration in malt) X process yield; concentrations in malt
extracts were taken from Table 2, process yields were 0.94 for light LME and 1.2 for dark LME

44-Hydroxy-2,5-dimethylfuran-3(2H)-one

light LME and the dark LME, respectively. With 4.9% and
1.8%, phenylacetaldehyde showed the lowest recoveries of
all compounds analysed. Higher recoveries were calculated
for phenylacetic acid, namely 60% and 81%. Losses might
be associated with thermal reactions and with evaporation
during the vacuum concentration process.

Seven compounds showed an increase in at least one of
the two LMEs, indicating a formation during malt extract
production. Among them were vinegar-like smelling ace-
tic acid (4), the phenolic compounds 2-methoxyphenol (14;
smoky), 4-ethenyl-2-methoxyphenol (22; clove-like), and
vanillin (27; vanilla-like), cooked apple-like smelling (E)-
B-damascenone (11) as well as seasoning-like smelling soto-
lon (23) and caramel-like smelling maltol (17). Acetic acid
showed a decrease from the malt to the light LME (43%) but
an increase to the dark LME (260%). During the produc-
tion of the dark LME, acetic acid might have been formed
via sugar degradation and Strecker degradation of alanine
[58-61]. Within the group of phenolic compounds, vanillin
showed similar percentages in the light LME (150%) and
the dark LME (270%), whereas 4-ethenyl-2-methoxyphenol
showed an increase in the light LME (400%), but a decrease
in the dark LME (3.8%), and 2-methoxyphenol showed a
moderate increase in the light LME (140%), but a clearly
higher increase in the dark LME (1800%). These observa-
tions are in line with the higher thermal impact associated

@ Springer

with the additional heating step during the production of
the dark LME. It has been demonstrated that the thermal
decomposition of ferulic acid first results in 4-ethenyl-
2-methoxyphenol [62—65] which presumably was accumu-
lated in the light LME. A higher thermal impact converts
4-ethenyl-2-methoxyphenol to 2-methoxyphenol [62, 63],
explaining the lower amount of 4-ethenyl-2-methoxyphenol
and the higher amount of 2-methoxyphenol in the dark LME.
With percentages of 1800% and 2200%, (E)-p-damascenone
revealed a significant gain on the way from the malt to the
LMEs, but only a small difference between the light and the
dark LME. Thermal formation of (E)-p-damascenone is well
known, but the compound also might have been formed from
glycosides during mashing [66—73]. The highest increase of
all compounds investigated was found for the Maillard reac-
tion products maltol and sotolon in the dark LME, namely
90,000% and 39,000%. For both compounds, the percent-
ages in the light LME were clearly lower (1100% and 290%)
indicating that the additional heating step was crucial for
their elevated formation in the dark LME. It has been dem-
onstrated that sotolon can be formed by an aldol-reaction
from butane-2,3-dione and hydroxyacetaldehyde, both being
previously generated by retro-aldol cleavage of sugars [74].
The precursor of maltol is the disaccharide maltose [10, 75]
resulting from the enzymatic breakdown of starch during
germination and mashing.
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Conclusions

The odour-active compounds in LMEs clearly differ from
the odour-active compounds in the malt used for their
production. Whereas some malt odorants decrease during
extract production, others show an enormous increase. Thus,
the formation of odorants during LME production is much
more important than the mere transfer of odorants from malt
to LMEs.
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tary material available at https://doi.org/10.1007/s00217-021-03707-z.
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