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Influence of Malt Roasting on the Oxidative Stability of Sweet Wort

Signe Hoff,* Marianne N. Lund, Mikael A. Petersen, Birthe M. Jespersen, and Mogens L. Andersen

Department of Food Science, University of Copenhagen, Rolighedsvej 30, DK-1958 Frederiksberg C, Denmark

ABSTRACT: Influence of malt roasting on the oxidative stability of sweet wort was evaluated based on radical intensity, volatile
profile, content of transition metals (Fe and Cu) and thiols. Malt roasting had a large influence on the oxidative stability of sweet
wort. Light sweet worts were more stable with low radical intensity, low Fe content, and ability to retain volatile compounds
when heated. At mild roasting, the Fe content in the wort increased but remained close to constant with further roasting. Dark
sweet worts were less stable with high radical intensities, high Fe content, and a decreased ability to retain volatiles. Results
suggested that the Maillard reaction compounds formed during the roasting of malt are prooxidants in sweet wort. A thiol-
removing capacity was observed in sweet wort, and it was gradually inhibited by malt roasting. It is possibly caused by thiol
oxidizing enzymes present in the fresh malt.

KEYWORDS: malt, sweet wort, roasting, oxidative stability, thiols, electron spin resonance spectroscopy, volatiles

■ INTRODUCTION

Raw materials as well as the brewing process have a large
influence on the quality and storage stability of the resulting
beer. It has become evident that the extent of oxidation during
the initial stages of beer brewing has a major influence on the
flavor stability of the final beer.1 Cortes et al.2 found correlation
between oxidative stabilities of boiled wort and the oxidative
stabilities of the corresponding beers using electron spin
resonance (ESR) spectroscopy. In both wort3 and beer,4

transitional metals were found to have significant effects on the
oxidative stability as trace levels of Fe and Cu act as catalysts in
radical generation and oxidation reactions during beer aging.
Malt is the major constituent in beer, and malt roasting

results in different types of beer by influencing aroma and color.
Previous malt studies have been carried out on commercial
malts introducing uncertain variations due to different barley
varieties and production conditions.2,5 A standardized study of
the influence of roasting alone has not been carried out. The
influence of malt roasting on beer stability is preferably studied
in wort as sulfite produced during fermentation has an impact
on beer stability that may mask the influence of the roasting.
Thiols have recently been suggested to have an important

role in oxidative processes in beer and in beer stability6 and
were recently quantified in beer with a correlation to the
oxidative stability measured by ESR spectroscopy.7 The
significance of thiols in wort has not been investigated, and it
remains uncertain where in the brewing process the thiols are
introduced and whether they have an influence on the oxidative
stability of sweet wort.
A correlation between radical intensity measured by ESR

spectroscopy and stale flavor in beer has been found;8,9

however, the possible correlation between radical intensity and
the volatile profile of wort or the oxidative changes in wort over
time have not been investigated. Some studies suggest that
Maillard reaction products produced during malt roasting have
antioxidative capacity and a positive influence on the oxidative
stability of wort and beer.5,10 However, in other studies these
compounds were found to have a negative influence on wort
and beer stability.2,4 The purpose of this study was to test the

effect of malt roasting on the oxidative stability of sweet wort
using a standardized roasting process. The sweet worts were
evaluated based on Fe and Cu content and thiol levels, whereas
radical intensity and volatile profile were determined in both
fresh and heat treated sweet worts.

■ MATERIALS AND METHODS

Chemicals. Anhydrous acetonitrile, glutathione, L-cysteine, 4-
methyl-1-pentanol, 2,2,6,6-tetramethylpiperidine-1-oxy (TEMPO),
and α-(4-pyridyl-1-oxide)-N-t-butylnitrone (POBN) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Tris(hydroxymethyl)
amino methane (tris) and ThioGlo 1 fluorescent thiol reagent were
obtained from Merck (Darmstadt, Germany). Water was purified
through a Milli-Q water purification system (Millipore, Billerica, USA).
Ethanol (96%) was obtained from Kemetyl (Køge, Denmark). 5,5-
Dithiobis(2-nitrobenzoic acid) (DTNB) was obtained from Fluka,
Stenheim, Germany.

Roasting. Fresh pale ale malt (two-row spring barley (Hordeum
vulgare), harvest 2009) was purchased from Weyermann, Bamberg,
Germany through Maltbazaren, Copenhagen, Denmark. The malt was
received less than five days after kilning and was roasted the following
day. Malt was roasted by distributing it in a single layer on a cloth on a
baking plate and heating it in an oven at 125 °C, 135 °C, 145 °C, 160
°C, or 190 °C for 50 min.

Mashing. Mashing was carried out on the 6 different malts (1
nonroasted and 5 roasted) on the first and second day after roasting,
according to Analytica EBC 4.5.1 “Extract of Malt: Congress Mash”,11

with the modifications described by Frederiksen et al.3 The 6 malts
were mashed individually and named as illustrated in Table 1. Sweet
wort was frozen at −80 °C.

Color. Sweet wort color was determined spectrophotometrically on
a Cintra 40 Spectrofotometer (GBC, Melbourne, Australia) according
to Analytica EBC 8.3 “Color”:11

= · ·C f25 A430 (1)

where C is the color in EBC units, f is the dilution factor, A430 is the
absorbance at 430 nm, and 25 is a multiplication factor.
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Sugar Content (°Brix). °Brix values were determined using a
refractometer (Analytic Jena, Jena, Germany).
Heat Treatment of Sweet Wort. Sweet wort was thawed in a 5

°C refrigerator overnight. An aliquot of 32 mL was transferred to a 250
mL blue cap flask and incubated in a 40 °C water bath. To avoid
microbial growth, 100 μL of chloramphenicol (stock 30 mg/L
ethanol) and 100 μL ampicilin (stock 100 mg/mL H2O) were added
to the sweet wort. The blue cap flask was closed with a cap to avoid
evaporation, and a magnetic stirrer ensured constant stirring at 300
rpm.
Sampling for ESR measurements was carried out at 0, 1/2, 1, 2, 4, 6,

8, and 10 h. At each sampling, 6× 0.5 mL were distributed to safety-
lock Eppendorf tubes, and all reactions were terminated by quick-
freezing the tubes in liquid nitrogen. Samples were stored at −80 °C
until analyzed.
Sampling for volatile analysis was carried out at 0 and 10 h. At

regular intervals, the lid was led to match the ESR sampling process
and to ensure that oxygen was present at all times.
Electron Spin Resonance (ESR). Ethanol and α-(4-pyridyl-1-

oxide)-N-t-butylnitrone (POBN) were added to sweet wort samples in
final concentrations of 5% vol. and 40 mM, respectively, according to
the method described by Frederiksen et al.3 The sweet wort samples
were subsequently incubated at 60 °C for 90 min. ESR spectra were
recorded with a Miniscope MS 200 X-band spectrometer (Magnet-
tech, Berlin, Germany) using 50 μL micropipets as sample cells (Brand
GMBH, Wertheim, Germany). Spectra were recorded at room
temperature using the following settings: microwave power, 10 mW;
sweep width, 49,82 G; sweep time, 30 s; steps, 4096; number of passes,
6; modulation, 100 mG; and microwave attenuation, 5 mW. The
amplitudes of the spectra were determined and are reported as the
height of the first doublet. ESR spectra of an aqueous 2 μM 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) solution were recorded each
day to compensate for day-to-day variation.
Transition Metals (Fe and Cu). Sweet wort samples were acid

digested in a microwave oven using the solvents and temperature
program detailed in Wyrzykowska et al. 12 The multielemental
composition of sample digests were subsequently analyzed using
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) (Perkin-
Elmer 3300, United States) with the spectrometer equipped with an
octopole reaction cell for interference removal (Agilent 7500ce,
Manchester, UK) following the instrumental settings listed in Hansen
et al.13 Samples were determined in duplicate.
Thiol Levels Determined Using Fluorescent Reagent

ThioGlo 1. Thiol levels were determined according to the standard
addition procedure described by Lund and Andersen7 based on the
thiol reacting fluorescent reagent ThioGlo 1. Glutathione was replaced
with cysteine for the standard addition curve, and analyses were carried
out using microtiter plates where cysteine was added in concentrations
between 0 and 20 μM to sweet wort diluted 40 times. Each standard
addition curve was made in triplicate on each plate, and the average
represents a single analysis. For each sweet wort sample, the single
analysis was carried out in independent triplicates.

Thiol Levels Determined Using Ellman’s Reagent, DTNB. The
thiol level in one sweet wort sample (9.8 EBC) was determined
spectrophotometrically after derivatization by Ellman’s reagent,
DTNB. The experiment was carried out based on the method
described in Jongberg et al.,14 and a standard curve of cysteine and a
standard addition curve of cysteine and sweet wort diluted 40 times
were constructed. Analysis was carried out by mixing 250 μL of
sample, 1.00 mL of 0.25 M tris buffer (pH 7.5), and 250 μL of 10 mM
DTNB dissolved in 0.25 M TRIS buffer (pH 7.5). The mixture was
protected against light and allowed to react for exactly 30 min, and
absorbance was measured at 412 nm. Blanks without DTNB and
blanks without sample were prepared, and the blank values were
subtracted from the sample values.

Volatiles. Headspace analysis was carried out in triplicate using 5
mL of sweet wort and 1.00 mL of 4-methyl-1-pentanol (50 mg L−1) as
internal standard. The volatile compounds were collected on a Tenax-
TA trap (Buchem bv, Apeldoorn, The Netherlands). Samples were
equilibrated to 30 ± 1 °C in a circulating water bath and then purged
with nitrogen (75 mL·min−1) for 20 min. Separation and detection
were carried out on a gas chromatograph−mass spectrometer (GC-MS
7890A GC-system interfaced with a 5975C VL MSD with Triple-Axis
detector from Agilent Technologies, Palo Alto, California) using a
polar wax GC-column. Details on equipment and temperature
program are found in Deza-Durand and Petersen.15 Volatile
compounds were tentatively identified by probability based matching
of their mass spectra with those of a commercial database (Wiley275.L,
HP product no. G1035A). The software program, MSDChemstation
(version E.02.00, Agilent Technologies, Palo Alto, California), was
used for data analysis. Concentrations were calculated as peak area of
the volatile compound divided by the peak area of internal standard.

To increase the sensitivity for detection of (E)-2-nonenal, selected
ion monitoring (SIM) was applied using ions 55 and 83, and a
standard curve was created for quantification. Limit of quantification
and detection were calculated from the average signal-to-noise ratio of
two peaks from beer spiked with 0.8 μg·L−1 (E)-2-nonenal resulting in
a quantification limit of 0.25 μg·L−1 and a detection limit of 0.07
μg·L−1 with a signal-to-noise ratio of 10 and 3, respectively.

Multivariate Data Analysis. Multivariate data analysis was
applied to GC-MS data to describe the change in volatile profile of
heat treated sweet worts over 10 h using principal component analysis
(PCA) and to determine the correlation of the volatile profile to EBC
color using partial least squares (PLS) regression analysis. PCA and
PLS regression analyses were performed using Latentix software
(LatentiXTM 2.0, Latent5, Copenhagen, Denmark, www.latentix.
com). Analyses were carried out on the relative areas calculated as
peak area of the volatile compound divided by the peak area of internal
standard (4-methyl-1-pentanol). Data were auto scaled and cross-
validated.

■ RESULTS AND DISCUSSION

Sweet Wort Characteristics. Differently roasted malts
were prepared by heating a pale ale malt for 50 min at 5
different temperatures. Duplicate congress mashings were
carried out for each of the six malts (including the pale ale
malt), and the pH, sugar content, and color of the fresh sweet
worts were determined (Table 1). Sweet wort color was highly
correlated to malt roasting temperature (R2 = 0.99) and was
accordingly used as a marker of the roasting level. pH was
negatively correlated to sweet wort color (R2 = 0.99) in
agreement with previous findings.5 The sugar content in the
sweet worts was lower for malt roasted at the two highest
temperatures (sweet worts 5 and 6) than for the four malts
roasted at lower temperatures (sweet worts 1 to 4). This is
most likely due to increased enzyme inactivation as well as
starch denaturation. All malts were made from the same batch
of pale ale malt, and the observed differences can therefore be
directly associated with their different levels of roasting.

Table 1. Characteristics of the 6 Sweet Worts Applied in
This Studya

malt
roasting temp.

(°C) wort pH wort °Bx
wort color
(EBC)

1 5.82 ± 0.04 13.460 ± 0.000 8 ± 1

2 125 5.69 ± 0.05 13.462 ± 0.001 15 ± 1

3 135 5.58 ± 0.03 13.462 ± 0.002 33 ± 2

4 145 5.52 ± 0.02 13.460 ± 0.006 44 ± 4

5 160 5.38 ± 0.01 13.425 ± 0.000 68 ± 2

6 190 5.10 ± 0.10 13.380 ± 0.004 100 ± 10
aThis included the roasting temperature, at which malt was roasted for
50 min, wort pH, wort sugar content measured in degree brix (°Bx),
and wort color measured in European Brewery Convention (EBC)
color units. Averages and standard deviations are based on two
individual mashes.
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Oxidative Stability of Sweet Worts. The oxidative
stability of the sweet worts was examined by incubating them
at 40 °C with access to atmospheric oxygen for 10 h and then
testing the radical forming ability of samples collected at
different times. The ability of radical formation was examined
by quantification of the amount of radicals measured by ESR
spectroscopy generated after heating the samples at 60 °C for
90 min with added spin trap, POBN, and 5% ethanol.4 The
amplitude of the first doublet of each ESR spectrum recorded
during the heat treatment was used as a measure of the amount
of radicals generated (Figure 1A). The results showed that the

formation of radicals in dark sweet worts was higher than that
in lighter sweet worts (Figure 1B), which is consistent with
previous observations.2 The ability of radical formation
decreased in the darkest sweet worts, 5 and 6, within the first
hour of storage at 40 °C but still had a constant and high level
during the following 9 h of incubation. The lighter sweet worts,
1, 2, 3, and 4, showed a lower but more constant decrease in
radical formation over the 10 h; however, the difference in
radical formation from 0 to 10 h of heat treatment decreased
from sweet wort 4 to sweet wort 1 where the radical formation
in sweet wort 1 was almost constant throughout the 10 h
(Figure 1B). These results show that dark sweet worts, 5 and 6,
are more oxidatively unstable than lighter sweet worts, and even

though the storage at 40 °C had a larger influence on the ability
of dark sweet worts to generate radicals compared to light
sweet worts, they still had a high capacity for generation of
radicals after 10 h at 40 °C.
The presence of Fe and Cu may promote metal-catalyzed

oxidation and thereby affect the radical formation and the
oxidative stability.4 The transition metals, Fe and Cu, were
therefore quantified in each of the six sweet worts. Malt
roasting was found to have a large influence on Fe and Cu
contents in the sweet worts but in different ways. The Cu
concentration decreased from the lighter sweet wort 1 to the
darker sweet worts 4, 5, and 6 (Figure 2). The concentrations

of Fe were generally higher, than the levels of Cu, except in
sweet wort 1, which had a considerably lower level of Fe than
the other sweet worts. Since the same pale ale malt was used for
all malt roastings, the total metal content introduced into the
mashings were the same in the six mashes. The variations
observed in Fe and Cu contents in the sweet worts caused by
the roastings must therefore be explained by different abilities
of the malt solids to bind metals. Supporting this explanation,
Frederiksen et al.3 found that Fe and Cu added during mashing
was trapped by insoluble malt solids resulting in an only slight
increase in Fe and Cu content in the sweet wort after filtration.
Roasting of the pale ale malt therefore reduces the ability of the
malt solids to bind Fe but improves the ability to bind Cu. The
fact that radical signal intensity in sweet wort increases with
increasing malt roasting temperature where as the concen-
tration of Cu decreases and Fe remains somewhat constant
suggests that other components in the dark sweet worts also
affect the oxidative stability.

Thiols in Sweet Wort. Protein-thiols have been suggested
to have antioxidative activity in beer,6 and their presence in
sweet wort was investigated for their possible influence on the
oxidative stability in the present study. Quantification of thiols
in the sweet worts was attempted by using the standard
addition procedure described by Lund and Andersen7 and an
external standard curve procedure, both of which are based on
the thiol reacting fluorescent reagent ThioGlo 1. However, the
external standard curve procedure was rejected due to the large
variation in color of the sweet wort samples resulting in
reduced excitation of ThioGlo 1 in dark samples compared to
that of the uncolored standards and thereby resulting in
inaccurate quantification of thiols. The standard addition

Figure 1. (A) ESR spectra of POBN spin adducts formed in fresh
sweet worts 1, 4, and 6 after 90 min of incubation at 60 °C with 5%
ethanol and 40 mM POBN spin trap. (B) The time dependence of the
different radical formation capabilities of sweet worts during
incubation at 40 °C. The capability of radical formation was evaluated
by ESR spectroscopy by heating collected samples 90 min at 60 °C
with added POBN and 5% ethanol. Results are shown as mean values,
and standard deviations are given as error bars (n = 3).

Figure 2. Fe and Cu content in sweet worts 1 to 6 plotted against
color (EBC). Results are shown as mean values, and standard
deviations are given as error bars (n = 2).
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procedure was therefore tested in order to solve this problem;
however, the sweet worts did not give rise to fluorescence
emission typical for thiol-ThioGlo 1 derivatives. Upon addition
of cysteine, the fluorescence emission was only observed when
cysteine was added in concentrations higher than 8 μM (Figure
3). Dilution of the sweet wort resulted in fluorescence

responses, which approached the behavior of cysteine added
to a pure buffer solution (Figure 3). The results demonstrate
that the sweet wort contained compounds able to oxidize the
cysteine added to the sweet wort. This effect will be referred to
as thiol-removing capacity. The smallest dilution factor of 40
was chosen in order to minimize background fluorescence of
the sweet wort sample as previously described for beer.7

Glutathione was also oxidized when added to the sweet wort.
However, it seemed to be less sensitive to oxidation than
cysteine as a larger concentration of sweet wort was required to
inhibit the emission of ThioGlo 1 derivatives (data not shown).
Muller16 found that addition of glutathione to a 65 °C mash
under aerobic conditions resulted in an accelerated oxidation of
glutathione compared to a simulated mash carried out on a
solution of glutathione alone. The simulated mashing of
glutathione carried out under anaerobic conditions inhibited all
oxidation of glutathione. The results from the current study
strongly support the theory about constituents of malt
enhancing oxidation of not only glutathione but also cysteine.
However, in previous studies, thiols have been detected in light-
colored sweet worts.16−18 In these studies, Ellman’s reagent,
DTNB, was applied for thiol determination. To verify that the
current results were not caused by the different choice of thiol
derivatizing agent, the standard addition procedure was tested
on a sweet wort using the DTNB method. As shown in Figure
4 the same thiol-removing capacity was detected, which
excludes that the difference in derivatization agent is the
reason for the difference in results. Stephenson et al.18 found
that the presence of oxygen had a negative influence on the
content of thiols in sweet wort based on aerobic and anaerobic
mashing trials, and Jin et al.17 detected thiols in sweet wort
produced on an industrial scale, likely to be carried out under
anaerobic conditions. The EBC congress mash method, applied

in the current study, included aerobic conditions during both
mashing and filtration. Therefore, an analysis of thiol-removing
capacity in sweet wort produced on an industrial scale was also
carried out; however, the same thiol-removing capacity was
detected (data not shown). This suggests that access to oxygen
during mashing does not explain the presence of the thiol-
removing capacity.
Malt roasting proved to influence the thiol-removing capacity

in sweet wort, which decreased with an increasing level of
roasting (Figure 5). Sweet wort 1 (not roasted) had thiol-

removing capacity enabling it to consume more than 15 μM of
cysteine when diluted 40 times. A large part of the ability to
oxidize cysteine was lost when malt was slightly roasted (sweet
wort 2, malt roasted at 125 °C for 50 min). Further roasting of
the malt lowered the thiol-removing capacity in the sweet wort
until a roasting temperature of 160 °C (sweet wort 5). The
difference between roasting at 160 and 190 °C was very small
indicating that further roasting would not affect the thiol-
removing capacity. Bamforth et al.19 found a heat stable

Figure 3. Thiol determination based on derivatization with the
fluorescent reagent ThioGlo 1: standard addition curves of sweet
pilsner wort (6.4 EBC) with cysteine added at concentrations between
0 and 20 μM. Wort was diluted with buffer between 40 and 160 times
(Df 40−160). The standard curve of cysteine in buffer is illustrated
with a regression line (standard). Results are shown as mean values,
and standard deviations are given as error bars (n = 3).

Figure 4. Thiol determination based on derivatization with DTNB:
standard curve of cysteine and standard addition curve of sweet pilsner
wort (9.8 EBC). Results are shown as mean values, and standard
deviations are given as error bars (n = 2).

Figure 5. Thiol determination based on derivatization with the
fluorescent reagent ThioGlo 1: standard addition curves of sweet wort
1 to 6 with cysteine added at concentrations between 0 and 20 μM.
Worts were diluted 40 times, and the standard curve of cysteine in
buffer is illustrated with a regression line (standard). Results are shown
as mean values, and standard deviations are given as error bars (n = 3).
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enzyme, present in fresh malt, capable of oxidizing thiol groups
(cysteine, glutathione, and dithiothreitol) resulting in disulfide
cross-linking. The enzyme is inactivated by autoclaving but
retained approximately 70% of its activity after heating to 70
°C. Analyses in the current study were carried out on fresh malt
with a mash out temperature of 70 °C, and according to
Bamforth et al.,19 the enzyme was therefore likely to be present
in the sweet wort. Hence, the decrease in thiol-removing
capacity from sweet wort 2 to 6 could be explained by
increasing enzyme inactivation with increasing roasting temper-
ature. If this is the case, the large difference in thiol-removing
capacity between sweet wort 1 and 2 may reflect the lack of
roasting of sweet wort 1 and thereby the lack of inactivation of
the thiol oxidizing enzyme.
Also, nonenzymatic oxidation of thiols has been suggested to

occur in sweet wort,18,19 and the decrease in thiol-removing
capacity in malt roasted at temperatures above 125 °C might
also be influenced by nonenzymatic reactions. Samaras et al.20

found that the total amount of phenolic compounds in wort
decrease during the roasting of malt indicating that the phenols
are oxidized and likely to produce more quinones. Thiol
reactive quinones are typically generated through oxidation of
phenols and have been found to react with thiols in both wine21

and in myofibrillar proteins22 forming thiol-quinone adducts.
However, if the quinones were to be responsible for the
removal of thiols in wort by forming thiol-quinone adducts, the
thiol-removing capacity should increase with increasing roasting
due to the formation of increased amounts of quinone; hence,
this explanation is rejected. The Maillard reaction products
formed during roasting may also be excluded as main
contributors to the thiol-removing capacity as these compounds
also increase in quantity with increasing roasting.
Volatile Compounds in Sweet Wort. Analysis of volatile

compounds was carried out on fresh sweet wort and on sweet
wort heat treated at 40 °C for 10 h. The results showed that
many volatiles in the darker worts decreased in concentration
after 10 h of heat treatment, whereas the concentration in the
light sweet worts remained constant. A gas chromatogram and
an example of the loss in volatiles are shown for sweet wort 6 in
Figure 6. PCA was performed (Figure 7), based on the 49
volatile compounds listed in Table 2. Principal component
(PC) 1 explains the variation caused by malt roasting with

increasing concentrations of Maillard reaction products going
from right to left. PC 2 explains the variation between heat
treated and fresh sweet worts. The PCA score plot illustrates
that sweet worts 1 and 2 were completely unaffected by 10 h of
heat treatment (no separation between the fresh and heat
treated sweet worts in Figure 7A). Sweet wort 3 showed a
minor loss in volatile compounds, while heat treatment of sweet
worts 4, 5, and 6 resulted in a larger loss of volatile compounds.
Approximately the same relative loss of volatile compounds

was found for sweet worts 4, 5, and 6, and the average loss of
the 10 volatile compounds showing the largest loss during heat
treatment, compared to the values in fresh sweet wort, is listed
in Table 3. This loss shows that the heat induced change of the
malt matrix during the roasting process affects the ability of the
sweet worts to retain the volatile compounds when exposed to
heat and that malt roasting at temperatures between 145 and
190 °C result in the same relative loss of volatiles. Ethyl-
dichloro acetate was added to the sweet worts before sampling
and was released from sweet worts 4, 5, and 6 to the same
degree as the volatiles from malt, showing that the malt matrix
(and the degree of roasting) changes the retentivity of volatiles
whether they come from the malt or not.
No volatile oxidation products were released after 10 h of

heat treatment of sweet wort, uninfluenced by the degree of
roasting. The staling compound (E)-2-nonenal, which with the

Figure 6. (A) Gas chromatogram of fresh sweet wort 6. (B) Gas
chromatogram for fresh and heat treated (10 h) sweet wort 6
presented from retention time 2.5 to 5.0 min. Numbers refer to the
compounds in Table 2. Internal standard (IS) is 4-methyl-1-pentanol.

Figure 7. (A) Principal component analysis (PCA) score plot of
volatile compounds in both fresh and heat treated sweet worts 1 to 6.
The dotted oval encloses both fresh sweet worts and sweet worts heat
treated at 40 °C for 10 h. The solid oval encloses fresh sweet worts.
The dashed oval encloses sweet worts heat treated at 40 °C for 10 h.
(B) Loadings plot. Each volatile compound is represented by a
number corresponding to that in Table 2. Each volatile profile was
determined in triplicate.
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current method could be detected down to 0.07 μg·L−1, was
also not detected. Previous studies have shown that oxidation
occurs during wort boiling23,24 and that even though (E)-2-
nonenal is not detected in either sweet wort or boiled wort,
precursors may have been generated resulting in a release of the
staling compound during beer aging,25,26 as may also be the
case for other secondary oxidation products.
The volatile profile of beer is highly influenced by the release

of volatile fermentation products. However, the volatile profile
of malt27,28 is very similar to the volatile profile of sweet wort
found in this study (Table 2) showing that the mashing process
does not change the volatile profile of the sweet wort
significantly from the volatile profile of malt. A high correlation
between the sampled volatiles and EBC color was found (R2 =
0.97) using PLS regression analysis (Figure 8). This suggests
that the Maillard reaction products produced during malt
roasting are the main ones responsible for both color change
and the volatile profile of the sweet wort in this study.

However, in a recent study color formation and flavor
formation at higher EBC values were found to be nonlinear.29

Increased Roasting of Malt Results in Less Stable
Sweet Worts. This study shows that malt roasting has a larger
influence on the oxidative stability of sweet wort and that light
and dark sweet worts behave very differently. Light sweet worts
were less reactive toward oxidation with low radical intensity
and low Fe content, and showed no loss in volatiles when
stored at an elevated temperature over an extended period of
time. The dark sweet worts were found to be less stable with
high radical intensities, high Fe content, and a decreased ability
to retain volatiles. It is well known that Maillard reaction
compounds are produced during malt roasting; however,
whether they act as antioxidants5,10,20,29 or prooxidants2,4,30

have been widely discussed. These contradicting results may be
caused by the difference in methods applied. While the ESR-
based experiments in the present study are based on a complete
wort system providing information about the competition

Table 2. Volatile Compounds in the 6 Sweet Worts (Heat Treated and Non-Heat Treated) Included in the PCA and PLS
Analysesa

no. name Tgt ion no. name Tgt ion no. name Tgt ion

1 2-methylpropanal 43 18 thiazole 85 35 2-acetylfuran 95

2 2-propanone 43 19 2-methyltetrahydrofuran-3-one 43 36 furfuryl acetate 81

3 ethyl formate 31 20 methylpyrazine 94 37 2-methylpropanoic acid 43

4 ethyl acetate 43 21 octanal 41 38 5-methylfurfural 110

5 2-butanone 43 22 2,6-dimethylpyrazine 108 39 methylpyrazine 94

6 2-methylbutanal 41 23 ethylpyrazine 107 40 2-isoamyl-6-methylpyrazine 108

7 3-methylbutanal 41 24 2,3-dimethylpyrazine 67 41 benzeneacetaldehyde 91

8 3-methyl-2-butanone 43 25 2-ethyl-6-methylpyrazine 121 42 furfuryl alcohol 98

9 toluene 91 26 nonanal 41 43 3-methylbutanoic acid 60

10 3-methyl-pentanal 57 27 2-ethyl-3-methyl-pyrazine 122 44 2-methylbenzaldehyde 91

11 2,3-pentane-dione 43 28 dispirol-nonanone 94 45 ethylbenzaldehyde 133

12 dimethyldisulfide 94 29 ethyl pyrazine 106 46 furfuryl pyrrole 81

13 hexanal 56 30 3-ethyl-2,5-dimethylpyrazine 135 47 2-methyl-2,2-dimethyl-propanoic acid 71

14 2-methyl-1-propanol 43 31 acetic acid 60 48 benzothiazole 135

15 butanol 56 32 furfural 96 49 phenol 94

16 heptanal 70 33 2-ethyl-hexanol 57 - ethyl-dichloro acetateb 29

17 pyrazine 80 34 decanal 57
aThe target ion (Tgt) is used for identification, and the number of each compound is based on the order of the retention time on the GC
chromatogram. bNot included in the PCA model.

Table 3. Relative Loss of the 10 Volatile Compounds, for
Sweet Worts 4, 5, and 6, Showing the Largest Loss after 10 h
of Heat Treatment at 40 °C Compared to That of Fresh
Sweet Worta

no. name % SD

6 2-methylbutanal 56.2 3.3

44 2-methylbenzaldehyde 54.2 38.7

9 toluene 53.2 31.2

10 3-methylbutanal 49.6 4.5

43 3-methylbutanoic acid 45.4 10.2

31 acetic acid 36.9 8.6

37 isobutyric acid 33.6 12.3

13 hexanal 33.2 19.9

36 furfuryl acetate 28.7 7.8

34 decanal 25.7 8.2

ethyl-dichloro acetate 67.3 7.6
aResults are presented as an average loss in percent (%) with standard
deviations (SD). Ethyl-dichloro acetate was added to all worts before
heat treatment and was also lost during heat treatment.

Figure 8. Partial least-squares (PLS) regression analysis of the volatile
compounds in sweet worts 1 to 6 versus EBC color based on the first 4
principal components. The coefficient of correlation (r2) is 0.969, and
the root mean square error (RMSE) is 5.6 EBC units. The model is
based on the same data set used in Figure 7.
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between pro- and antioxidants, antioxidant assays have typically
been based on simple model systems measuring the scavenging
activity using a semistable radical that has high reactivity toward
many types of compounds. Therefore, studies based on these
radical scavenging activity assays often result in antioxidative
activity, whereas prooxidative activities are neglected. The
present study showed that malt roasting, radical intensity, and
Fe content are closely linked suggesting that the Maillard
reaction compounds act as prooxidants in sweet wort.
Reductones are formed during the Maillard reaction and act
prooxidatively by driving the Fenton reaction as shown in
Figure 9, where Fe(III) is reduced to Fe(II) by the reductones

leading to oxidation of peroxides and formation of reactive
radical compounds which may induce further oxidative damage.
This reaction could explain the decrease in oxidative stability of
sweet worts produced by highly roasted malts. Contrary to
these mechanisms, light sweet worts had a high Cu content and
high thiol-removing capacity, whereas dark sweet worts had low
Cu content and low thiol-removing capacity. Cu may also work
as a catalyst in radical generation, but in the present study, Cu
was found not to be correlated to roasting, which suggest that
Cu is of minor importance in the oxidative stability of sweet
worts. The thiol-removing capacity was gradually inhibited by
malt roasting, and this capacity may be explained by the
remaining activity of the thiol oxidizing enzyme in the light
malts, which is being heat inactivated during roasting.19 How or
if the roasting influences the thiol content is uncertain. Despite
the fact that the dark sweet worts had a high radical generation,
no oxidation products were found from the analysis of volatiles.
However, the dark sweet worts had another important
characteristic as they showed a loss of volatiles over time in
contrast to the light sweet worts. Therefore, to preserve the
volatile profile of sweet wort produced from dark malts, the
storage time should be held at a minimum to prevent initiation
of oxidative reactions and to limit the loss of volatiles.
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Influence of Barley Varieties on Wort Quality and Performance
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ABSTRACT: Wort from the barley varieties (Hordeum vulgare) Pallas, Fero, and Archer grown on the same location were
investigated for their influence on oxidative stability and volatile profile during wort processing. Barley varieties had a small
influence on radical formation, thiol-removing capacity, and volatile profile. Wort boiling with and without hops had a large
influence on these same parameters. Potentially antioxidative thiols were oxidized in sweet wort, but reduction of thiols using
tris(2-carboxyethyl)phosphine hydrochloride revealed that Archer wort had a significantly larger content of total thiols than
Pallas and Fero. Oxidized thiols resulted in gel proteins and longer filtration time for Archer wort. Our study shows that wort
processing to a large extent will eliminate variations in volatile profile and thiol levels in wort which otherwise might arise from
different barley varieties.

KEYWORDS: barley variety, wort, thiols, oxidative stability, volatiles, boiling

■ INTRODUCTION

Raw materials as well as oxidative reactions in the initial stages
of beer brewing can have a large influence on quality and
storage stability of the final beer.1 Recently, a correlation was
found between the oxidative stability of boiled wort and the
oxidative stability of the corresponding beers measured by
electron spin resonance (ESR) spectroscopy, 2 underlining the
importance of wort quality in relation to beer quality. How the
barley variety influences the oxidative stability of the wort
remains uncertain; however, antioxidative potentials have been
observed to vary between different barley varieties.3 Detailed
investigations of barley and malt in relation to beer stability is
preferably studied using wort, as the fermentation process
strongly influences the overall oxidative stability as well as the
volatile profile, making it difficult to isolate the effects of barley
and malt.
Protein thiols have been suggested to have antioxidative

properties in beer,4,5 and thiols have been quantified in beer
exhibiting a high correlation to oxidative stability measured by
ESR spectroscopy.6 The thiols present in beer either come from
the malt and are carried through to the beer as heat-stable
proteins or smaller peptides or are produced by the yeast
during fermentation. Upon oxidation the thiols form disulfide
bonds which in the initial stages of brewing leads to protein
complexes, also called gel proteins. High amounts of gel
proteins in the mash have proved to result in longer filtration
times,7−9 which is unwanted by the brewers. In a recent study it
was found that sweet wort contained compounds able to
oxidize cysteine when it was added to sweet wort, and this
capacity was named the thiol-removing capacity.10 It was
further found that increasing malt roasting resulted in a
decrease in the thiol-removing capacity and that pilsner malt
had a smaller thiol-removing capacity than pale ale malt. These
observations were ascribed to the presence of a thiol-oxidising
enzyme previously described by Bamforth et al.21 How wort
boiling and hopping influence on thiol content and thiol-

removing capacity remains unknown but is important for
understanding of the role of thiols and how they are preserved
throughout the brewing process.
Often pilsner malt is chosen based on its malting and

brewing performance with the purpose of increasing output.
The idea of choosing a barley variety based on its contribution
to the flavor profile or flavor stability of the final beer has
received much less attention, and it is not clear to which extent
the barley variety can be used to influence beer flavor and
oxidative stability of wort and beer.
The aim of this study was to investigate how the barley

varieties, wort boiling, and hopping influence the oxidative
stability of wort as well as the volatile profile. It remains unclear
how or if it is possible to select a certain malting barley variety
that influences the oxidative stability of the final beer. Often
such comparisons between different raw materials are difficult
to make as the growing and malting conditions are difficult to
standardize. In this study three two-row barley varieties
(Hordeum vulgare) Pallas, Fero, and Archer were grown on
the same location and harvested and malted simultaneously in
order to minimize the effects of different handling.
Furthermore, in an attempt to clarify reactions of thiols during
the initial stages of the brewing process this investigation was
also carried out with the purpose of investigating how the thiol-
removing capacity responded to cysteine as well as glutathione.

■ METHODS

Chemicals. Acetonitrile, glutathione, 4-methyl-1-pentanol, tris (2-
carboxyethyl)phosphine hydrochloride (TCEP), and 2,2,6,6-tetrame-
thylpiperidine-1-oxy (TEMPO) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Tris(hydroxymethyl)amino methane (tris),
ThioGlo 1 fluorescent thiol reagent, and trifluoroacetic acid (TFA,
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>99.8%) were obtained from Merck (Darmstadt, Germany). Bradford
Bio-Rad Protein Assay Reagent was obtained from Bio-Rad
Laboratories (Hercules, CA, USA). Bovine Serum Albumin (BSA)
standard of 2.0 mg/mL was obtained from Thermo Fisher Scientific
Inc. (Rockford, IL, USA). Megazyme assay kit for determination of β-
glucans was purchased from Megazyme International Ireland
(Wicklow, Ireland). Ethanol (96%) was obtained from Kemetyl
(Køge, Denmark). All chemicals were of analytical grade or highest
possible purity. Water was purified through a Milli-Q water
purification system (Millipore, Billerica, USA).
Malt. The three two-row barley varieties (H. vulgare) Pallas, Fero,

and Archer were grown on the same location “Fuglebjerggaard” at
Zealand, Denmark and harvested in 2009. The chosen varieties are
former commercially grown varieties in Denmark and of renewed
interest today for organic farming. To be sure to overcome dormancy,
the barley was malted simultaneously in the spring of 2010 with
steeping for 2 days and 4 h at 18 °C, germination for 4 days and 18 h
at 17 °C, drying for 3 days at 15 °C, and kilning for 24 h at 85 °C. The
freshly kilned malt was stored for more than 20 days before mashing.
Mashing. Three individual mashings were carried out according to

Analytica EBC 4.5.1 “Extract of Malt: Congress Mash”11 with a few
modifications described by Frederiksen et al.12 Wort produced from
the third mashing was used for wort boiling. Filtration rate, pH, sugar
content, and color were measured on the fresh sweet wort carried out
in duplicate.
Boiling. Two 300 mL aliquots of each sweet wort were transferred

to a 500 mL conical flask. To one flask of each wort was added 2 g of
hops (Humulus lupulus) (First Gold, leafs, 6% AA (alpha)), and the
content of each conical flask was kept boiling in a bath of rape seed oil
(140 °C) for 1 h.
Color. EBC wort color was determined spectrophotometrically with

a Cintra 40 Spectrophotometer (GBC, Melbourne, Australia)
according to Analytica EBC 8.3 “Color”11

= · ·C f A25 430 (1)

where C is the color in EBC units, f is the dilution factor, A430 is the
absorbance at 430 nm, and 25 is a multiplication factor. Samples were
filtered through a 0.45 μm filter prior to analysis.
Sugar Content (°Brix). Sugar content in °Brix was determined

using a refractometer (Analytic Jena, Jena, Germany).
β-Glucan Determination in Malt. β-Glucan concentrations in

malt in replicates were determined spectrophotometrically at 510 nm
after digestion with the Megazyme assay kit according to AACC 32-
23.13

Electron Spin Resonance (ESR) Spectroscopy. Wort samples
were thawed and filtered (Mini Sart, 0.45 μm), and ethanol and α-(4-
pyridyl-1-oxide)-N-tert-butylnitrone (POBN) spin trap were added to
5% v/v and 40 mM, respectively. Wort was incubated for 90 min at 60
°C before ESR spectra were recorded with a Miniscope MS 200 X-
band spectrometer (Magnettech, Berlin, Germany) using 50 μL
micropipets as sample cells. Spectra were recorded at room
temperature using the following settings: microwave power, 10 mW;
B0 field, 3363 G; sweep width, 50 G; sweep time, 30 s; steps, 4096;
number of passes, 6; modulation, 1 G; attenuation, 5 mW. Amplitudes
of the spectra were measured and are reported as the height of the
second doublet. The response of the ESR equipment was tested using
an aqueous TEMPO solution (2 μM). Samples were analyzed in
triplicate.
Determination of Thiol-Removing Capacity. Thiol levels were

determined according to Lund and Andersen 20116 using both
cysteine and glutathione as standards. Briefly, thiol levels in wort were
determined using the thiol-selective reagent ThioGlo 1 which yields a
fluorescent adduct after reaction with a thiol group (excitation
wavelength, λex = 384 nm, emission wavelength, λem = 513 nm).
Analysis was carried out in microtiter plates after cysteine (wort
diluted 40 times) or glutathione (wort diluted 10 times) were added to
the wort at concentrations between 0 and 20 μM.
In our previous study10 we found that sweet wort contains

compounds able to oxidize cysteine and glutathione upon addition to
the sweet wort. The amount of thiols that can be added to the wort

before the thiol−ThioGlo 1 adducts appear is defined as the thiol-
removing capacity.

Glutathione−ThioGlo 1 adducts exhibit a much stronger
fluorescent response than cysteine−ThioGlo 1, which is seen in
Figure 2. This feature was detailed by Hoff et al.14 where it was found
that thiols with a neighboring free amino group, which is the case for
cysteine, result in ThioGlo 1 adducts with reduced fluorescence
intensity. This difference in fluorescence intensity does not influence
the interpretation of the thiol-removing capacity nor the fact that the
thiol-removing capacity is more reactive toward cysteine than toward
glutathione.

Thiol Determination Using External Standard Curve. The
thiol-removing capacity makes it impossible to apply the standard
addition procedure for thiol quantification in wort, so thiols can only
be quantified using an external standard curve. Consequently,
quantification and comparison can only be carried out on light
worts of similar color and therefore with a similar matrix. A standard
curve was prepared in buffer between 0 and 12 μM, and sweet, boiled,
and hopped wort samples were quantified relative to this standard
curve. Samples were undiluted.

Thiol Determination after Reduction with TCEP. The external
standard curve was prepared in the range of 0−20 μM in 0.25 mM tris
buffer (pH = 7.5). TCEP (tris(2-carboxyethyl)phosphine hydro-
chloride) was added to the wort to 1.92 mM (final concentration), and
the mixture was incubated for 5 min. Thiol concentration was
determined as described above. Any possible interaction between
TCEP and the NEM (N-ethyl maleimide) group of ThioGlo 115 was
controlled by background correction with a blank sample of ThioGlo 1
and TCEP at appropriate concentrations.

Volatile Profile. Head space analysis was carried out in triplicate
using 5 mL of wort and 0.25 mL of 4-methyl-1-pentanol (5 mg L−1) as
the internal standard. Volatile compounds were collected on traps
containing 250 mg of Tenax-TA with mesh size 60/80 and a density of
0.37 g mL−1 (Buchem bv, Apeldoorn, The Netherlands). Samples
were equilibrated to 37 ± 1 °C in a circulating water bath and then
purged with nitrogen (75 mL min−1) for 30 min.

Trapped volatiles were desorbed using an automatic thermal
desorption unit (ATD 400, Perkin-Elmer, Norwalk, USA). Primary
desorption was carried out by heating the trap to 250 °C with a flow
(60 mL min−1) of carrier gas (H2) for 15.0 min. The stripped volatiles
were trapped in a Tenax TA cold trap (30 mg held at 5 °C), which was
subsequently maintained at 300 °C for 4 min (secondary desorption,
outlet split 1:10). This allowed for rapid transfer of volatiles to a gas
chromatograph−mass spectrometer (GC-MS, 7890A GC system
interfaced with a 5975C VL MSD with Triple-Axis detector from
Agilent Technologies, Palo Alto, CA) through a heated (225 °C)
transfer line. Separation of volatiles was carried out on a DB-Wax
capillary column 30 m long × 0.25 mm internal diameter, 0.25 μm film
thickness. Column pressure was held constant at 2.4 psi, resulting in an
initial flow rate of approximately 1.2 mL min−1 using hydrogen as
carrier gas. The column temperature program was as follows: 10 min
at 40 °C, from 40 to 240 °C at 8 °C min−1, and finally 5 min at 240
°C. The mass spectrometer was operating in the electron ionization
mode at 70 eV. Mass-to-charge ratios between 15 and 300 were
scanned. Volatile compounds were identified by probability-based
matching of their mass spectra with those of a commercial database
(Wiley275.L, HP product no. G1035A). The software program
MSDChemstation (version E.02.00, Agilent Technologies, Palo Alto,
CA) was used for data analysis. Concentrations are presented as
relative areas calculated as peak area of the volatile compound divided
by the peak area of internal standard. One chromatogram of sweet
Fero wort (abbreviated, F1s) was removed from the data set due to
excessive amounts of water on the trap.

Multivariate Data Analysis. Multivariate data analysis was
applied to GC-MS data to evaluate the variation between the barley
varieties as well as the influence of boiling with and without hops using
principal component analysis (PCA). PCA is a multivariate projection
method designed to extract and visually display the systematic
variation in the data matrix of the volatile compounds, making it
possible to include many statistical variables at the time. The aim of
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the PCA algorithm is to determine the latent factors or principal
components (PCs) in the data set which describe most variation. On
the basis of vector algebra the algorithm calculates and compresses the
data material into scores (samples) and loadings (volatiles) for PCs
which are plotted in the score plot and loadings plot, respectively. The
position of a sample in the score plot expresses the pattern of the
volatile profile, so those samples with similar scores reflect the same
volatile profile.16 PCA was performed using Latentix software
(LatentiXTM 2.0, Latent5, Copenhagen, Denmark, www.latentix.
com). Analyses were carried out on the relative peak areas, and data
were autoscaled and cross validated.
Statistical Data Analyses. Statistical analysis was carried out as

one-way ANOVA using the software JMP 9, SAS Institute, Inc., USA.
Some day to day variance was observed from thiol quantification, day
was included in the model as a random effect, and the LSD (least
significant difference) value was determined

■ RESULTS

Sweet Wort Characteristics. Three barley varieties (H.
vulgare) Pallas, Fero, and Archer were chosen for analysis in this
study. Pallas is an old conventional barley variety used today in
organic farming, while Fero and Archer are former grown
varieties which also may have relevant properties in relation to
organic farming. For the current study all three barley varieties
were grown at the same location and harvested and malted
simultaneously in order to obtain malts where the differences
were primarily due to the selected variety. With this set up, it is
possible to compare the effect of the variety on the influence on
volatile profile and oxidative stability in the initial stages of
brewing. The malts were mashed using the EBC congress mash
procedure,11 and the sweet worts were boiled simultaneously
either with or without hops for 1 h. The extracts (°Brix) in the
three worts were very similar and not influenced by boiling and
hopping (Table 1). The barley varieties had a small but
significant influence on sweet wort pH, and boiling resulted in a
small increase in wort pH for all varieties being significant for
Fero and Archer. Boiling with hops resulted in a significant
decrease in pH for the three varieties, presumably due to
introduction of alpha acids. The amount of hops applied in the
current study was overdosed in order to detect increased effects
compared to commercially produced wort. Sweet wort color
was significantly influenced by the barley variety with Archer
being the darkest at 5.15 ± 0.08 EBC and Pallas the lightest at
3.91 ± 0.05 EBC. The boiling process resulted in a significant

increase in EBC color for all worts from all three barley
varieties, and at the same time the boiling also eliminated some
of the color differences between the barley varieties found in
the sweet worts. However, boiled wort from Pallas remained
significantly lighter than the other two. The increase in EBC
color is most likely caused by heat-induced Maillard reactions,
and boiling with hops resulted in a further increase in EBC
color, eliminating the varietal differences. Filtration time varied
between the three varieties and, in particular, gave Archer a
long filtration time of 42 ± 5.7 min compared to Fero and
Pallas with filtration times of 21.5 ± 2.1 and 16 ± 2.8 min,
respectively. The content of β-glucan in Archer malt of 0.82 g/
100 g ± 0.00 was significantly lower than in Fero and Pallas
with 1.73 g/100 g ± 0.03 and 1.81 g/100 g ± 0.00, respectively.

Thiol Concentrations and Thiol Removing Capacity.
Thiol Concentrations. In previous studies reduced thiols have
been detected in wort.17−19 In the current study the
nonreduced thiol content was found to be close to zero
(Table 1) and low compared to what has previously been
reported in beer.6 The fact that almost no thiols are present in
the wort is most likely explained by application of the EBC
congress mash procedure where the mash is exposed to
atmospheric air throughout the mashing process as well as
during filtration. The fact that thiols previously have been
shown to be present in reduced form in wort underlines that
the EBC congress mash method is not suitable for studies of
thiols. Our observation is in agreement with the findings of
Stephenson et al.,19 who showed that aerobic EBC congress
mashing reduced thiol levels considerably compared to EBC
congress mashing performed in an anaerobic chamber. Even
though the thiol concentrations in the present study are very
low, it seems that boiling (with or without hops) actually
increase the thiol concentrations. This could be due to
unfolding of proteins during boiling, leaving the thiol groups
more susceptible to reaction with the ThioGlo 1 reagent, or
inactivation of the thiol-oxidizing enzyme.
To quantify the amount of oxidized thiols in the wort, the

disulfide bonds were reduced to free thiols using the reducing
agent TCEP (tris(2-carboxyethyl)phosphine). It was found that
Archer had a larger amount of reducible thiols compared to
Pallas and Fero and that boiling and hopping of the wort did
not influence the amount of reducible thiols significantly

Table 1. Characteristics of Wort Produced from Pallas, Fero, and Archer Malta

Archer Fero Pallas

β-glucan in malt (g/100g) 0.82 ± 0.00A 1.73 ± 0.03B 1.81 ± 0.00C

filtr. time (SW) (min) 42 ± 5.7A 21.5 ± 2.1B 16 ± 2.8C

°Brix (SW) 13.39 ± 0.09A 13.44 ± 0.01A 13.45 ± 0.00A

°Brix (BW) 13.44 ± 0.02A 13.44 ± 0.02A 13.45 ± 0.00A

°Brix (BHW) 13.44 ± 0.00A 13.45 ± 0.00A 13.45 ± 0.00A

pH (SW) 5.94 ± 0.01D 6.01 ± 0.00B 5.98 ± 0.01C

pH (BW) 5.97 ± 0.02C,D 5.85 ± 0.01E 6.08 ± 0.00A

pH (BHW) 5.50 ± 0.00H 5.57 ± 0.01G 5.66 ± 0.01F

EBC color (SW) 5.15 ± 0.08E 4.35 ± 0.08F 3.91 ± 0.05G

EBC color (BW) 6.15 ± 0.10C 6.15 ± 0.08C 5.53 ± 0.05D

EBC color (BHW) 9.30 ± 0.16B 9.98 ± 0.03A 9.25 ± 0.19B

thiols (SW) 0.06 ± 0.01F −0.03 ± 0.01F 0.01 ± 0.04F

thiols (BW) 0.77 ± 0.06D 1.24 ± 0.07A 0.91 ± 0.02C

thiols (BHW) 1.05 ± 0.01B 0.61 ± 0.0E 0.74 ± 0.07D

aSweet wort (SW), boiled wort (BW), and boiled hopped wort (BHW). Values are given as means ± standard deviations based on independent
duplicates. A, B, C, D, E, F indicate the samples statistical difference, within each type of analysis, and the levels bearing different letters are
significantly different (p < 0.05).
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(Figure 1). These results show that the amount of reducible
and potentially antioxidative thiols in wort is rather large (ca.

60−110 μM), and as the thiols most likely became oxidized due
to the aerobic mashing conditions, optimization of the mashing
process is likely to have a positive influence on prevention of
thiol oxidation. It is not certain that all thiols were on their
reduced form before mashing; however, reduced thiols have
previously been detected in wort where they were also found to
be sensitive toward oxidation.19 The fact that thiol oxidation
occurs during the mashing process therefore seems to be the
most reasonable explanation.
Sweet Archer wort had the longest filtration time (Table 1)

along with the largest amount of reducible thiols (Figure 1).
Formation of gel proteins, caused by thiol oxidation and
generation of disulfide bonds between protein and peptide
thiols during mashing, can result in a viscous layer leading to
increased filtration times.7−9 Basically all thiols were found to
be oxidized in the current study. As sweet Archer wort was
found to contain more reducible thiols, more disulfide bonds
are likely to have formed, possibly explaining the longer
filtration time. Also, the amount of β-glucans, present in the
malt at the point of filtration, is known for its negative influence
on filtration time.20 However, as Archer malt had the lowest
content of β-glucan (Table 1) compared to the other malts the
possible influence of β-glucan can be neglected. Therefore,
keeping thiols in their reduced form is important for
preservation of their possible antioxidative potential as well as
to keep a short filtration time, stressing the importance of
carrying out the mashing production under oxygen-controlled
conditions.
Thiol-Removing Capacity. In a recent study we found that

compounds present in sweet wort were able to oxidize cysteine,
and this ability to oxidize thiols was referred to as thiol-
removing capacity.10 In the current study it was investigated
how barley varieties, wort boiling, and wort hopping influenced
the thiol-removing capacity as well as how the thiol-removing
capacity affected cysteine compared to glutathione. Wort
boiling seemingly reduced the thiol-removing capacity com-
pletely when adding glutathione to the wort. However, a small
amount of thiol-removing capacity remained after boiling when
cysteine was added (Figure 2). All three barley varieties showed

the same tendency (Figure 3), and results are only presented
for Pallas wort in Figure 2. Bamforth et al.21 found a heat-stable

enzyme, present in fresh malt, capable of oxidizing thiol groups
(cysteine, glutathione, and dithiothreitol), resulting in disulfide
cross-linking of proteins. This enzyme retained approximately
70% of its activity when heated to 70 °C, which is the mashing
off temperature in the current study. After heating at 100 °C for
30 min, approximately 40% of the thiol-oxidizing activity

Figure 1. Thiol concentrations in wort samples treated with the thiol
reducing agent TCEP. Due to a day to day variation between the
measurements, LSD (least significant difference) value is presented.
Values are given as means (n = 3), and the LSD value is presented by
an error bar. Letters indicate the statistical difference of samples, and
the levels bearing different letters are significantly different (p < 0.05).

Figure 2. Addition of thiols to the worts. (A) Fluorescent response
from Pallas wort (sweet, boiled, and boiled and hopped) with added
cysteine in concentrations between 0 and 20 μM. Wort was diluted 40
times. (B) Fluorescent response from Pallas wort (sweet, boiled, and
boiled and hopped) with glutathione added in concentrations between
0 and 20 μM. Wort was diluted 10 times. Values are given as means (n
= 3), and standard deviations are shown by error bars.

Figure 3. Fluorescent response from Pallas, Fero, and Archer sweet
wort with glutathione added in concentrations between 0 and 20 μM.
Wort was diluted 10 times. Values are given as means (n = 3), and
standard deviations are shown by error bars.
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remained and it was suggested that the remaining thiol-
oxidizing activity was caused either by a very heat-stable
enzyme or by nonenzymatic oxidation.21 The results from the
current study correlate with previous findings of the thiol-
removing capacity being heat sensitive.10,21 The occurrence of
both enzymatic and nonenzymatic thiol oxidation in wort was
also suggested in previous studies10,19,21 though, whether the
thiol oxidation occurring after wort boiling is explained by
enzymatic or nonenzymatic oxidation remains uncertain.
The thiol-removing capacity caused a greater loss of cysteine

than glutathione. In order to keep the results within the same
concentration range, wort was diluted 40 times when using
cysteine but only 10 times when using glutathione (Figure 2).
As thiol adducts are detected by addition of 8 μM glutathione
and addition of 16 μM cysteine a rough estimate makes the
thiol-removing capacity at least 8 times more efficient toward
cysteine than toward glutathione when including the dilution
factor. In line with this, Bamforth et al.21 found that even
though glutathione displayed a much higher affinity for the
enzyme than cysteine, cysteine was oxidized approximately 5
times more rapidly. The influence of barley variety was also
investigated, but no effect was found on the thiol-removing
capacity (Figure 3). The same result was found using cysteine
(data not shown). The current study further showed that
addition of hops did not systematically influence detection of
thiols in the boiled wort (Table 1), and the potential
antioxidative effect of the hops did not seem to influence the
thiol-removing capacity when adding either cysteine or
glutathione (Figure 2). In a previous study10 a variation in
thiol-removing capacity was found between two different malts
(origin unknown), but in that study, barley, malting, and
storage conditions were very different and not standardized as it
was in the current study. This indicates that malting and storage
conditions may have a larger influence on the thiol-removing
capacity than the barley variety itself. It is known that freshly
kilned malt should be stored for more than 20 days to improve
filtration rates.22 Bamforth et al.21 explained this improvement
of the malt quality during storage by inactivation of the thiol-
oxidizing enzymes, supporting that storage time and conditions
influence the thiol-removing capacity.
Radical Intensity Measured by ESR Spectroscopy. The

radical-forming ability of sweet wort, boiled wort, and hopped
wort made from Archer, Fero, and Pallas malt was determined
by electron spin resonance (ESR) spectroscopy. Quantification
was carried out by detection of radicals generated after heating
samples at 60 °C for 90 min in the presence of the spin trap,
POBN, and 5% ethanol. The amplitude of the second doublet
of each ESR spectrum, recorded during heat treatment, was
used as a measure of the amount of radicals generated (Figure
4A). Wort boiling without hops resulted in increased radical
formation compared to sweet wort (Figure 4B), whereas radical
formation of boiled/hopped wort and sweet wort was not
statistically different. The increase in radical intensity during
boiling and the antioxidative effect of hops supports the
findings of Wietstock et al.23 The barley varieties showed small
effects on radical intensity though Fero was significantly more
sensitive to boiling than Archer and Pallas.
Volatile Profiles. The volatile profile of sweet wort, boiled

wort, and hopped wort was determined with the purpose of
clarifying whether the barley variety or the boiling or hopping
of the corresponding worts had an influence on the volatile
profile. Hops contribute with a large amount of volatiles
influencing wort aroma; however, the focus of this study

concerns mainly the barley varieties, and only the fate of the
compounds present in sweet and boiled wort were investigated
and followed through to the hopped wort. Compounds coming
exclusively from the hops were not included in analysis.
Through headspace analysis 24 volatile compounds were
identified in sweet and boiled wort (Table 2), and to investigate
whether there was a difference between the volatile profiles of
the barley varieties along with the boiling and hopping principal
component analysis (PCA) was performed with scores and
loadings presented in Figure 5. No volatile secondary oxidation
products were detected; however, nondetectable precursors for
oxidation may have been generated, resulting in release of off-
flavors during storage of a final beer.1 From the score plot it was
found that sweet Archer wort differed from sweet Pallas wort
and sweet Fero wort. After wort boiling, the differences
between Archer and Pallas were leveled out while Fero was
found to differ in volatile profile from the two others. Addition
of hops masked the differences between the barley varieties;
however, when excluding boiled wort from the score plot, Fero
remained different from Pallas and Archer (data not shown),
meaning that hops did not eliminate the differences completely
as it appears in the present plot. When looking more specifically
at the volatile compounds sweet Archer wort differentiated
from sweet Fero wort and sweet Pallas wort by having a
significantly higher concentration of 2-methyl-1-propanol,
benzaldehyde, and limonene and a tendency for a higher
concentration of phenylacetaldehyde and 2-pentanone. Fur-
thermore, Archer had a significantly lower concentration of
hexanal and a tendency for a lower concentration of 2-methyl-
1-butanol and 2-ethyl-1-hexanol compared to sweet Fero and

Figure 4. (A) ESR spectra of wort made from Pallas malt (sweet wort
(SW), boiled wort (BW), and hopped wort (HW)) analyzed after 90
min of incubation at 60 °C with POBN (40 mM) and ethanol (5%).
(B) Radical signal intensities measured by ESR spectroscopy of wort
produced from Pallas, Fero, and Archer malt (sweet wort (SW), boiled
wort (BW), and hopped wort (HW)). Values are given as means (n =
3). Letters indicate the statistical difference of samples, and levels
bearing different letters are significantly different (p < 0.05).
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Pallas wort. After boiling the volatile profiles had changed and
Fero differentiated from Pallas and Archer by having a
significantly larger concentration of furfural and a tendency
for a larger concentration of phenylacetaldehyde, 2-ethyl-
hexanol, and 1-butanol. After boiling with hops Fero remained
different from Archer and Pallas with a significantly larger
content of furfural and a tendency for a larger content of
phenylacetaldehyde and 1-butanol; however, again, this is not
seen in Figure 5 as the contribution from the hops mask this
tendency in the presented PCA plot. Furfural and phenyl-
acetaldehyde are typical heat-induced compounds, and their
formation correlates with the larger increase in color detected
in boiled and hopped Fero wort compared to boiled and
hopped Archer and Pallas wort. The results of volatile analysis
show that the barley variety does influence the volatile profile,
and barley may be selected with the purpose of influencing the
volatile profile of the wort and possibly the final beer.
Interestingly, boiling was found to eliminate some differences

while introducing others unique to each barley variety, showing
that also the processing influences and changes flavor
composition.
It was previously found that no volatile compounds were

evaporated from light sweet wort left at 40 °C for 10 h, whereas
volatile compounds were found to evaporate from sweet worts
made from malt roasted to more than 33 EBC.10 In the current
study boiling resulted in loss of many volatiles, even for light
worts, which is exemplified in Figure 6 for the compounds
showing the largest loss: hexanal, limonene, pentanol, and
benzaldehyde. Few compounds increased in concentration
during boiling, and some were present in approximately equal
concentration before and after boiling, most likely due to
formation during boiling. Furfural, phenol, propanal, and the
Strecker aldehyde 2-methylpropanal were among the main
compounds formed during boiling (Figure 7). Wort boiling also
resulted in generation of Strecker aldehydes, and the
contribution of Strecker aldehydes from hops is very limited.
Development of 2-methylbutanal, 3-methylbutanal, and phenyl-
acetaldehyde is shown in Figure 8. The antioxidative activities
from hops did not seem to inhibit Strecker aldehyde
production during wort boiling though; Wietstock et al.23

found hops to have an inhibiting effect on generation of the
Strecker aldehydes and staling compounds, 2-methylbutanal
and 3-methylbutanal, during beer storage. Boiling with hops
resulted in increased concentrations of most compounds
present in sweet worts. Hops have a broad and complex
volatile profile, and many compounds present in the wort are
also present in hops. The compounds, which in this study are
found to be unique for the malt, are isoamylalcohol,
phenylacetaldehyde, 2,5-dimethylbenzaldehyde, propanal, hex-
anol, and 2- and 3- methylbutanal (data not shown).

■ DISCUSSION

Archer wort needed 42 ± 5.7 min of filtration compared to only
21.5 ± 2.1 and 16 ± 2.8 min for Fero and Pallas. This result
could not be explained by the β-glucan determinations in malt
where Archer had the lowest content of the three malt samples.
Reduction of thiols using TCEP revealed a large difference
between the thiol content of the worts, and Archer wort had a
significantly larger content of total thiols. All thiols were found
to be oxidized, causing generation of gel proteins7−9 and longer

Table 2. Volatile Compounds Included in the PCA Plot
(Figure 5)a

no. name
target
ion no. name

target
ion

1 propanal 29 13 3-methyl-1-butanol 55

2 2-methylpropanal 43 14 pentanol 42

3 butanal 44 15 1-hexanol 56

4 3-methylbutanal 44 16 3-ethyl-cyclobutanone 41

5 2-pentanone 43 17 furfural 96

6 2-methyl-butanal 57 18 2-ethyl-1-hexanol 57

7 2,4-dimethyl-3-
pentanone

43 19 benzaldehyde 77

8 hexanal 56 20 2-methylpropanoic
acid

43

9 2-methyl-1-
propanol

43 21 phenylacetaldehyde 91

10 1-butanol 56 22 2,5-dimethyl-
benzaldehyde

133

11 2-methyl-1-butanol 57 23 3-methyl-2-hexen-1-ol 71

12 limonene 68 24 phenol 94
aCompounds are identified in sweet, boiled, and boiled and hopped
wort, though volatiles specific for the hops are not included. Target ion
(Tgt) is used for identification, and the number of each compound
corresponds to the location in the loadings plot (Figure 5B).

Figure 5. (A) PCA score plot based on the volatile compounds found in sweet, boiled, and hopped Pallas, Fero, and Archer wort. Only the volatiles
also detected in sweet and boiled wort have been included for the hopped wort: sweet archer wort (A1s, A2s, A3s), boiled Archer wort (A1b, A2b,
A3b), hopped Archer wort (A1h, A2h, A3h); sweet fero (F2s, F3s), boiled fero (F1b, F2b, F3b), hopped Fero (F1h, F2h, F3h); sweet Pallas wort
(P1s, P2s, P3s), boiled Pallas wort (P1b, P2b, P3b), hopped Pallas wort (P1h, P2h, P3h). Ovals enclose the wort samples that differentiate from the
others. (B) Loadings plot where each volatile compound is represented by a number and identified in Table 2.
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filtration time of Archer wort. Therefore, the challenge of
keeping thiols in their reduced form during mashing and
filtration is not only important to preserve the potential
antioxidative capacity of the thiols but also to keep a short
filtration time. These results underline the importance of
oxygen-controlled processes. Due to the aerobic mashing and
filtration all thiols were oxidized, and the differences found
between the barley varieties were leveled out. Radical formation
was also highly influenced by the processing. Boiling resulted in
a large increase in radical formation, whereas boiling with hops

prevented this increase in radical formation due presumably to

its antioxidative activity as previously described.23 Barley

varieties had little effect on radical formation. Wort from the

three barley varieties also had the same thiol-removing capacity,

which was not completely eliminated after boiling. The thiol-

removing capacity is not present in beer,6 and as it is still

present, to a small extent, in boiled and hopped wort, the

remaining activity must somehow become eliminated during

the fermentation process.

Figure 6. Relative concentrations of hexanal, limonene, benzaldehyde, and pentanol in sweet, boiled, and boiled and hopped Archer, Fero, and Pallas
wort. These volatiles are chosen as examples of the loss happening during wort boiling. Values are given as means (n = 3), and standard deviations
are shown by error bars. Letters indicate the statistical difference of samples, and levels bearing different letters are significantly different (p < 0.05).

Figure 7. Relative concentration of furfural, 2-methyl propanal, phenol, and propanal in sweet, boiled, and boiled and hopped Archer, Fero, and
Pallas wort. These compounds show the largest increase in concentration during boiling. Values are given as means (n = 3), and standard deviations
are shown by error bars. Letters indicate the statistical difference of samples, and levels bearing different letters are significantly different (p < 0.05).
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Differences were detected in volatile profile caused by the
barley variety however; the volatile profiles were highly
influenced by the processing where boiling caused a decrease
in many compounds due to evaporation but also an increase in
other compounds. Sweet Archer wort differed from sweet Fero
and Pallas wort by having a significantly larger concentration of
2-methyl-propanol, benzaldehyde, and limonene as well as a
significantly lower concentration of hexanal. Fero wort differed
in volatile profile from Archer and Pallas wort after boiling and
was found to develop more heat-induced compounds such as
furfural and phenylacetaldehyde. This correlated with increased
radical intensity of boiled Fero wort measured by ESR
spectroscopy. Not surprisingly, boiling caused mainly an
increase in heat-induced compounds such as furfural, propanal,
phenol, and 2-methylpropanal, and the compounds found most
sensitive toward evaporation during boiling were hexanal,
limonene, pentanol, and benzaldehyde. Many volatile com-
pounds present in malt are also present in hops. However, the
compounds which in this study were found to be unique for the
malt are isoamylalcohol, phenylacetaldehyde, 2,5-dimethylbenz-
aldehyde, propanal, hexanol, and 2- and 3- methylbutanal. On
the basis of this investigation of three barley varieties produced
under the same conditions we found that when selecting a
barley variety with the intension of influencing beer flavor it is
important not only to evaluate the sensory properties of the
malt and the sweet wort but also to evaluate how the volatile
profile is influenced by processing.
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Effect of Pasteurization on the Protein Composition and Oxidative
Stability of Beer during Storage

Marianne N. Lund,†,‡,* Signe Hoff,† Torben S. Berner,† Rene ́ Lametsch,† and Mogens L. Andersen†

†Department of Food Science, University of Copenhagen, Rolighedsvej 30, DK-1958 Frederiksberg C, Denmark
‡Novozymes A/S, Krogshøjvej 36, DK-2880 Bagssværd, Denmark

ABSTRACT: The impacts of pasteurization of a lager beer on protein composition and the oxidative stability were studied
during storage at 22 °C for 426 days in the dark. Pasteurization clearly improved the oxidative stability of beer determined by
ESR spectroscopy, whereas it had a minor negative effect on the volatile profile by increasing volatile compounds that is generally
associated with heat treatment and a loss of fruity ester aroma. A faster rate of radical formation in unpasteurized beer was
consistent with a faster consumption of sulfite. Beer proteins in the unpasteurized beer were more degraded, most likely due to
proteolytic enzyme activity of yeast remnants and more precipitation of proteins was also observed. The differences in soluble
protein content and composition are suggested to result in differences in the contents of prooxidative metals as a consequence of
the proteins ability to bind metals. This also contributes to the differences in oxidative stabilities of the beers.

KEYWORDS: pasteurization, beer, oxidative stability, electron spin resonance spectroscopy, protein composition, LTP1, metals

■ INTRODUCTION

Flavor stability of beer is one of the most important concerns
for the brewing industry, because flavor is considered the
primary quality parameter. During beer aging, fresh flavor notes
decrease while aged flavor compounds are increasingly formed.
Especially, trans-2-nonenal that is considered to be responsible
for the development of cardboard-like flavors formed through
oxidative reactions, has received much attention but a number
of other aged flavor notes such as winery and solvent-like
flavors are also formed.1 Due to the various chemical reactions
taking place in beer during storage it remains difficult to
understand and control flavor stability.
Pasteurization is often employed in order to obtain beer that

is stable in terms of microbiological growth and spoilage.
Pasteurization influences the oxidative stability of beer as well
as the protein solubility and composition, although the reported
effects on oxidative stability depends on the type of analysis.2−5

Kaneda et al.3 showed by measuring chemiluminescence
intensity that pasteurization increases the level of oxidation in
beer. Furthermore, the radical concentration was lower in
pasteurized beer, which was suggested to be caused by uptake
of residual oxygen leading to accelerated radical reactions
during the pasteurization followed by a subsequent reduction in
the radical concentration after pasteurization. However, Pascoe
et al.2 used antioxidant assays (radical scavenging ability of 2,2′-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid), ABTS, and
ferric-reducing antioxidant power, FRAP) to demonstrate an
increasing antioxidant capacity for fresh pasteurized beer
compared to fresh unpasteurized beer. It was suggested that
the increased antioxidant capacity was created by Maillard
reaction products (MRPs) formed by the pasteurization
treatment. Furthermore, a significant increase in the phenolic
compound, catechin was also determined, which would also
give an antioxidant response in the assays, although the authors
did not have any explanation for the observed increased
content of catechin during pasteurization. In contrast, a recent

study showed that increasing pasteurization intensity decreased
the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging
ability of beer together with a decreased level of total
polyphenols.5 These contradictory reports show the need for
further studies on the effect of pasteurization on the oxidative
stability of beer.
Sulfite is believed to be a primary antioxidant in beer due to

its ability to remove trace levels of H2O2 in a direct nonradical
reaction. It has been suggested that protein thiols can be
involved in the antioxidant mechanism by acting as catalysts.6,7

Briefly, protein thiols are suggested to react with H2O2 forming
mixed disulfides either directly or via the formation of a protein
sulfenic acid. This disulfide may be reduced by either sulfite or
other smaller reducing compounds like enzymes and regenerate
the original protein thiol, which may then again react with
another H2O2 molecule. It has been shown that the content of
thiols in beer correlate with the sulfite content and the oxidative
stability in beer as evaluated by forced aging combined with
electron spin resonance (ESR) detection of radicals.8

Furthermore, lipid transfer protein 1 (LTP1), which is believed
to act as a foam stabilizer in beer, has been shown to be
important for the flavor stability of aged beer determined by
sensory analysis and possesses antioxidative activity determined
by DPPH radical scavenging ability and a Saccharomyces
cerevisia-based antioxidant screening assay.9 LTP1 is stabilized
by four disulfide bonds in its native form (in unmalted barley)
giving a potential of eight thiol groups if the protein is fully
reduced in the beer.10

Apart from influencing the oxidative stability of beer,
pasteurization has also been shown to influence foam stability
through a modified protein content and composition.4
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Pasteurization improved foam stability and increased the
protein content in beer, and a protein, putatively identified as
LTP1 was found to disappear in unpasteurized beer over three
months of storage. The loss of LTP1 in unpasteurized beer was
explained by proteinase A activity derived from yeast, which
were inactivated in the pasteurized beer.
The primary objective of the present study was to investigate

the relationship between the oxidative stability and protein
composition in pasteurized and unpasteurized beer during
storage for over one year at room temperature. Although it is
known that protein composition is important in relation to
colloidal stability of beer (i.e., haze and foam stability) it is
unknown to which extent the protein composition affects
oxidative stability of beer. A typical lager beer was produced
and bottled, and half of the bottles were pasteurized to 20
pasteurization units (PU). The beers were stored for 426 days
at 22 °C in the dark and characterized by pH, color, oxidative
stability by ESR spectroscopy, volatile profile by GC-MS,
protein content by the Bradford method, protein composition
by SDS-page and MS analysis, sulfite and thiol quantification by
derivatization with ThioGlo 1 fluorescent reagent followed by
separation by RP-HPLC and fluorescent detection, color, metal
analysis (Fe and Cu) by ICP-MS, and total phenol content by
the Folin-Ciocalteu method.

■ MATERIALS AND METHODS

Chemicals. Acetonitrile, N-tert-butyl-α-nitrone (PBN),
glutathione (GSH), 1-octanol, 4-methyl-1-pentanol, gallic
acid, HCl, chlortretracycline, chloramphenicol, trichloroacetic
acid, and 2,2,6,6-tetramethylpiperidine-1-oxy (TEMPO) were
purchased from Sigma-Aldrich (St. Louis, MO). Tris-
(hydroxymethyl)amino methane (tris), ThioGlo 1 fluorescent
thiol reagent, trifluoroacetic acid (TFA, >99.8%), Folin-
Ciocalteu phenol reagent, sodium carbonate, sodium sulfite,
sorbic acid, cycloheximide, malt extract agar and MRS (de Man,
Rogosa and Sharpe) agar were obtained from Merck
(Darmstadt, Germany). NuPAGE Novex 12% bis-tris gels,
LDS sample buffer, MES running buffer, Mark 12TM unstained
standard, and Molecular Probes SYPRO ruby protein gel stain
were obtained from Invitrogen, CA. Dithiothreitol (DTT) and
acetic acid were obtained from Applichem GmbH, Darmstadt,
Germany. Iodoacetamide was from Acros Organics, Geel,
Belgium. Bradford Bio-Rad Protein Assay Reagent was obtained
from Bio-Rad Laboratories, Hercules, CA. Bovine Serum
Albumin (BSA) standard of 2.0 mg/mL was obtained from
Thermo Fisher Scientific Inc. (Rockford, IL). Ethanol (96%)
was obtained from Kemetyl (Køge, Denmark). Trypsin was
from Promega, (Madison, WI), and NH4HCO3 was from ICN
(Aurora, Ohio). All chemicals were of analytical grade or
highest possible purity. Water was purified through a Milli-Q
water purification system (Millipore, Billerica, MA).
Brewing of Beer. A typical all-malt lager beer (alc. 5.7%)

was produced at a local microbrewery. After fermentation the
beer was filtered by sheet filtration. The beer was bottled into
0.5L brown bottles and closed with a crown cork. After
packaging, half of the bottles were heat treated in a tunnel
pasteurizer to 20 PU, while the other half remained
unpasteurized.
Storage of Beer. Beers were stored at 22 ± 2 °C in the

dark, and the temperature was monitored using a temperature
logger. The beers were analyzed for oxidative stability by ESR
spectroscopy and volatile profile by GC-MS approximately
every 2 months during the storage period. After storage for 426

days, beer samples for protein and phenol analysis were frozen
and stored at −20 °C. The unpasteurized beer contained a
small amount of precipitate, and this precipitate was not
transferred to samples that were freeze-stored. Beer samples for
sulfite, thiol, metal, and microbial growth analyses were kept at
5 °C until analysis.

Oxidative Stability of Beer by ESR Lag Phase
Measurements during Storage. ESR lag phase measure-
ments were performed according to Uchida et al.11 Beer was
degassed by stirring on a magnetic stirrer for 5 min. Degassed
beer containing 30 mM PBN was heated at 60 °C in closed
Blue Cap bottles with a headspace of atmospheric air. Samples
were analyzed at given time intervals. ESR spectra were
recorded at room temperature with a JES-FR30 ESR
spectrometer (Jeol, Tachikawa, Japan) using a quartz capillary
(ID 0.75 mm) sample cell (Wilmad Glass, Buena, NJ). The
settings were as follows: microwave power, 4 mW; sweep
width, 50.0 G; sweep time, 2 min; modulation width 1.25 G;
amplitude 1000; time constant 0.3 s. All spectra consisted of
single scans. Intensities of the ESR signals were calculated
relative to an internal Mn(II) standard (set to 650) attached to
the ESR cavity to compensate for day-to-day variation. All ESR
measurements were performed in duplicate as a minimum.

Volatile Profile by GC-MS during Storage. Head space
analysis was carried out in triplicate using 5 mL beer and 1.00
mL 4-methyl-1-pentanol (50 mg L−1) as internal standard. The
volatile compounds were collected on a Tenax-TA trap
(Buchem bv, Apeldoorn, The Netherlands). Samples were
equilibrated to 30 ± 1 °C in a circulating water bath and then
purged with nitrogen (75 mL·min−1) for 15 min. The trapped
volatiles were desorbed using an automatic thermal desorption
unit (ATD 400, Perkin-Elmer, Norwalk, CT) and transferred to
a gas chromatograph-mass spectrometer (GC-MS, 7890A GC-
system interfaced with a 5975C VL MSD with Triple-Axis
detector from Agilent Technologies, Palo Alto, CA). Separation
of volatiles was carried out on a DB-Wax capillary column 30 m
long × 0.25 mm internal diameter, 0.25 μm film thickness. The
temperature program is detailed in Deza-Durand and
Petersen.12 Volatile compounds were identified by probability
based matching of their mass spectra with those of a
commercial database (Wiley275.L, HP product no. G1035A).
The software program, MSDChemstation (Version E.02.00,
Agilent Technologies, Palo Alto, CA), was used for data
analysis. Concentrations are presented as relative areas
calculated as peak area of the volatile compound divided by
the peak area of internal standard.

Detection of Yeast and Lactic Acid Bacteria after
Storage. At the end of the storage experiment beers were
analyzed for growth of yeast or lactic acid bacteria (LAB).13

Together with beers stored at 22 °C, beers stored at 5 °C were
included in the analysis in order to determine the initial level of
yeast and lactic acid bacteria in the beer since microbial growth
at 5 °C is reduced. The beers were opened under sterile
conditions. Briefly, 100 mL of pasteurized beer were filtered
through either 0.22 or 0.45 μm filter to detect acetic acid
bacteria and yeast, respectively, while unpasteurized beer were
serially 10-fold diluted before detection of microorganisms.
Yeast were grown on malt extract agar containing 100 mg/L
chloramphenicol and 50 mg/L chlortetracycline, to inhibit
bacterial growth, for three days at 25 °C. LAB were grown
anaerobically for three-seven days at 30 °C on MRS agar
containing 0.2% sorbic acid and 0.1% cycloheximide to
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suppress yeast growth. Following incubation the number of
colony forming units (CFU) was recorded.
Color Determination. Absorbance of the wort samples was

measured at 430 nm using a Cintra 40 spectrophotometer
(GBC, Melbourne, Australia), and EBC color determined
according to Analytica EBC.14

Determination of Fe and Cu. The samples were acid
digested in a microwave oven using the solvents and
temperature program detailed in Wyrzykowska et al.15 The
multielemental composition of sample digests were subse-
quently analyzed using inductively coupled plasma-mass
spectrometry (ICP-MS) equipped with an octopole reaction
cell for interference removal (Agilent 7500ce, Manchester, UK)
following the instrumental settings listed in Hansen et al.16 Beer
samples were determined in duplicate.
Total Phenol Concentration by Folin-Ciocalteu. The

phenolic concentration was determined by Folin Ciocalteu’s
method as described by Singleton and Rossi 1965.17 The
thawed beer samples were diluted 10 times in Milli-Q water
and let to react with Folin-Ciocalteu phenol reagent for
maximum 8 min. Subsequently, 20% sodium carbonate was
added and the reaction mixture was incubated at room
temperature for 2 h. The phenol concentration was determined
spectrophotometrically at 765 nm on a Cintra 40 spectropho-
tometer against a standard curve prepared from gallic acid.
Triplicate measurements were performed on each sample. The
concentrations are given in mg gallic acid equivalents/L.
Protein Concentration by Bradford. Protein concen-

tration of the beer samples was determined according to the
manufacturer’s procedure with a few modifications. Samples
were prepared in triplicate by mixing 20 μL thawed beer
sample, 800 μL 0.25 M tris buffer (pH 7.5), and 200 μL
Bradford Quick Start Reagent. The samples were incubated at
room temperature and absorbance at 595 nm was read after
exactly 15 min using microcuvettes and a Cintra 40
spectrophotometer. Protein concentration was determined
from a standard curve prepared with 0−5 μg/mL BSA (final
concentration) where BSA standard solutions were added to
the samples instead of degassed beer sample.
SDS-Page Analysis of Beer Proteins. Samples were

analyzed by gel-electrophoresis using NuPAGE Novex 12% Bis-
tris Gels according to the manufacturer’s instructions. Loading
samples were prepared with the same volume of each beer
sample, and 0.1 M DTT (final concentration) was added to
reduced samples. All loading samples were heated at min. 70 °C
for 10 min before loading to the gel. Aliquots of 10 μL loading
sample containing 5 μL thawed beer were loaded to the gel, and
aliquots of 3 μL Mark 12 unstained standard were loaded to
each gel. Electrophoresis was run at 200 V for 35 min in
cassettes containing ice-cold MES running buffer. Following
electrophoresis the gels were fixed in a solution containing 50%
ethanol and 7% acetic acid for 30 min on a rocking table, where
after the fix solution was exchanged and left overnight at room
temperature. The gels were stained by the fluorescent SYPRO
Ruby Protein Gel Stain overnight, washed with a solution of
10% ethanol and 7% acetic acid for 30 min and subsequently
washed twice with Milli-Q water for 5 min, and photographed
by a charge-coupled device (CCD) camera (Raytest, Camilla II,
Straubenhardt, Germany).
Identification of Proteins from SDS-Page Analysis.

The protein bands were visualized with UV light and selected
protein bands were cut out of the gel and digested with trypsin.
The resulting peptides were analyzed with matrix assisted laser

desorption ionization-time-of-flight mass spectrometry
(MALDI-TOF MS). In-gel digestion was performed as
described by Jensen et al.18 Custom-made chromatographic
columns were used for desalting and concentration of the
peptide mixture prior to mass spectrometric analysis.19 The
proteins were identified with the use of a MALDI-TOF-TOF
instrument (4800 Proteomics analyzer, Applied Biosystems,
Foster City, CA). Both MS and MS/MS spectra were obtained
and the proteins were identified using the Mascot database
search program (Matrix Science, http://www.matrixscience.
com) using the NCBInr database (National Center for
Biotechnology Information, http://www.ncbi.nlm.nih.gov/).
The searches were not restricted regarding taxonomy. The
mass tolerance was limited to 70 ppm for peptide mass
fingerprinting and to 0.6 Da for peptide sequence data.

Sulfite and Thiol Analysis. Quantification of sulfite and
thiol groups was performed according to Abrahamsson et al.20

and Hoff et al.21 based on derivatization of sulfite and thiol
groups with ThioGlo 1 fluorescent reagent followed by
separation with reversed phase high performance liquid
chromatography (RP-HPLC) and fluorescence detection. A
standard addition protocol was used to compensate for beer
matrix effects. A stock solution of ThioGlo 1 (2.60 mM) in
anhydrous acetonitrile was prepared in the dark, and stored at 4
°C protected from light as described by Hawkins et al.22 The
solution was kept anhydrous by adding dried molecular sieves
(0.3 nm, Metrohm Ltd., Herisau, Switzerland) directly to the
stock solution. Stock solutions of sodium sulfite and glutathione
(GSH) were freshly prepared every day in Milli-Q water, kept
cold, and subsequently diluted to 0.5 mg/L and 4.0 μM,
respectively, in 0.25 M tris buffer (pH 7.50). The dilution was
performed within 30 min of using the standards to avoid air
oxidation at the elevated pH values. Beer was opened
immediately before analysis, degassed by magnetic stirring for
exactly 5 min with addition of 0.01% 1-octanol to avoid
foaming, and diluted 10 times. Samples with 0−0.125 mg/L
SO2 and 0−1.00 μM GSH each containing 20 μL degassed,
diluted beer were prepared to a total volume of 100 μL made
up with 0.25 M tris buffer (pH 7.50). Each sample was added
100 μL of 26 μM ThioGlo 1 (diluted just before use in 0.25 M
tris buffer (pH 7.50) to avoid hydrolysis) and incubated for
exactly 5 min at room temperature. The reaction was quenched
by adding 10 μL concentrated HCl, and the samples were
transferred to brown HPLC vials with 200 μL inserts and
closed. HPLC analysis was performed as previously described.20

All samples were run in duplicate as a minimum. Linear
standard addition curves from SO2 and GSH addition were
prepared from the area of the corresponding peaks for each
beer sample and used for quantification of sulfite and thiols. A
blank sample of only ThioGlo 1 and buffer was run in parallel
on each day and subtracted from the standard addition curves
to compensate for background fluorescence from ThioGlo 1.

Data Analysis. Statistical analysis was performed using SAS
9.1 package, SAS Institute, Inc., Cary. NC. Data were analyzed
by analysis of variance using proc glm. Means were used to
compare differences and LSD was applied to compare the mean
values. The significance level was p < 0.05.

■ RESULTS AND DISCUSSIONS

Microbial Stability of the Beers during Storage.
Pasteurized beer stored at either 5 or 22 °C contained no
growth of either yeast or lactic acid bacteria (LAB) proving that
the pasteurization employed was sufficient to reduce microbial
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growth in the beer initially. Unpasteurized beer contained very
small amounts of yeast (0.5 CFU/ml) and LAB (5.4 CFU/ml)
after storage at 5 °C for 426 days (Table 1). A small amount of

microbes in the unpasteurized beer is expected; even though
the beer has been sheet filtered before bottling, small amounts
of yeast and LAB can pass through the filter. During storage of
unpasteurized beer at 22 °C the amount of yeast (3 × 103

CFU/ml) and LAB (3 × 104 CFU/ml) increased in the beer.
The amount of microbes found in the unpasteurized beer was
in the same range as what has previously been reported.23

However, the high amount of LAB present in the beer can
cause a sour taste due to secreted lactic acid,24 and possibly also
the observed decrease in pH from 4.6 to 4.2 as shown in Table
2.

Effect of Pasteurization on the Oxidative Stability of
Beer. Oxidative stability of the beers was evaluated by ESR lag
phase measurements, where the lag phase is defined as the time
before radical formation is initiated during aerobic incubation at
60 °C with the spin trap, PBN. After production of the beers
(at storage day 0), there was no significant difference between
pasteurized and nonpasteurized beers (P = 0.31). Both set of
beers had initial lag phases around 220 min, which indicate
beers with a good storage stability. During the storage at 22 °C
the lag phases of the unpasteurized beers decreased, and at the
end of the storage almost no lag phases were observed (Figure
1A). In contrast the pasteurized beers at day 426 had lag phases
around 140 min. Pasteurization therefore seemed to have a
significantly positive effect on the beer stability as evaluated
from the changes in ESR lag phases during the storage.
According to Kunz et al.25 the use of the PBN spin trap
increases pH in beer during ESR measurements, and the

elevation in pH results in increased formation of hydroxyl
radicals and hereby a shortened lag phase. In this study,
however, pH is 4.6 in the pasteurized beer with the longest lag
phase and the unpasteurized beer has pH 4.2, so assuming the
observed effects of pasteurization were only dependent on pH,
then they should have been reversed.
The rate of radical formation after the end of the lag phase is

a measure of the radical forming potential of the beer, that is,
the effect of prooxidants without the inhibiting effects of
antioxidants. It is determined as the slope of the spin adduct
formation curve after the end of the lag phase. Throughout the
entire storage period the unpasteurized beers were found to
have a significantly higher rate of radical formation than the
pasteurized beers (Figure 1B). The higher radical formation
rate in the unpasteurized beers may explain the observed faster
change of their lag phases, due to a faster exhaustion of the
initial antioxidants present in the beer. This was confirmed by
measuring the levels of sulfite, which is believed to be the
dominating antioxidant compound in beer. The pasteurized and
unpasteurized beers originated from the same brew and they
had undergone the same treatments until the pasteurization
step, and therefore the two beers also had the same sulfite
content before pasteurization. Although there was no significant
difference between ESR lag phases at day 0, the content of
sulfite in the unpasteurized beer was found to be slightly, but
significantly, lower than in the pasteurized beer at day 0 (P =
0.0448). The concentrations of sulfite were found to change in
parallel with the ESR lag phases during the storage (Figure 2).
The rapid loss of sulfite in the unpasteurized beer during the
first 63 days of storage is consistent with a fast reduction in the
ESR lag phase by approximately 50%. Furthermore, the
complete loss of sulfite is consistent with an almost complete
disappearance of the ESR lag phase. The correlation between
sulfite levels and ESR lag phases is in accordance with previous
studies,7,10,26 however in this case the observed differences in
oxidative stability of the two set of beers appear to be caused
mainly by differences in the effects of the prooxidants since the
beers started out with nearly similar levels of sulfite.
Metal ions such as Fe and Cu are usually present in the ppb

range in beer and known to be prooxidants due to their
involvement in the Fenton reaction resulting in the formation
of hydroxyl radicals (•OH) and other reactive oxygen
species.27,28 Unexpectedly, the contents of Fe and Cu was
found to be significantly different in the two set of beers (Table
2). The original metal content before pasteurization was
identical in the two beers. Different metal contents in the two
beers indicate that metals are bound differently to the beer
matrix dependent on pasteurization. The rate of radical
formation (Figure 1B) has previously been found to increase
with increasing concentration of Fe in beer,27,29 but in the
present study the pasteurized beer had a higher Fe content,
lower Cu, and a lower rate of radical formation than the
unpasteurized beer. Apparently there is no simple correlation
between the metal levels and the radical formation rate, but the
observed differences could be a result of different degrees of
metal-binding to the beer matrix and a resulting variation in the
metals prooxidative activity.
The importance of polyphenols on the flavor stability of beer

is widely discussed and the results published on the subject are
ambiguous.30 While Pascoe et al.2 found that pasteurization
increases antioxidant capacity and polyphenol levels in beer; it
has been shown that removal of protein-bound polyphenols
decreases reducing capacity but without any impact on flavor

Table 1. Colony Forming Units (CFU) for Yeast and Lactic
Acid Bacteria (LAB) of Pasteurized and Unpasteurized Beer
Stored for 426 Days (n = 2)a

colony forming units (CFU/ml)

5 °C 22 °C

beer yeast LAB yeast LAB

pasteurized 0 0 0 0

unpasteurized 0.5 5.4 3 × 103 3 × 104

aFor determination of microbial growth beers stored at both 5°C and
22°C were examined.

Table 2. Analytical Data for Pasteurized and Unpasteurized
Beer Stored for 426 Days at Room Temperature in the
Darka

beer pasteurized unpasteurized

pH 4.62 ± 0.03a 4.19 ± 0.08b

EBC color 8.1 ± 0.3NS 7.6 ± 0.2NS

Fe (ppb) 46 ± 5a 30 ± 2b

Cu (ppb) 70 ± 1a 79.0 ± 0.3b

phenolic compounds (mg gallic acid
equivalents/L)

55 ± 1a 59.7 ± 0.8b

protein (mg/mL) 0.2582 ± 0.0003a 0.12 ± 0.01b

thiol (μM) 8.66 ± 0.02NS 9 ± 2NS

aValues are given as mean values ± standard deviations of minimum
two independent determinations. Numbers within the same row
bearing different letters are significantly different (p < 0.05), NS=non-
significant.
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stability.31 Furthermore, other studies indicate that polyphenols
may not significantly affect the formation of radicals in beer
during storage or in wort during brewing.32 In the present
study, determination of the total phenol content in the beers at
the end of the storage period showed a slightly smaller, but
significant, level of phenols in the pasteurized beer (Table 2) in
agreement with previous findings.5 Whether the loss of
phenolic compounds is simply caused by the heat treatment,
which would possibly result in phenol polymerization and
subsequent precipitation or by a sacrificial oxidation of phenols
into quinones through an oxidative mechanism cannot be
concluded. However, the overall level of oxidation is expected
to be highest in the unpasteurized beer since it showed a fast
decrease in lag phase and a high potential for radical formation,
suggesting the antioxidative effect of the phenols are limited
since they were found in the highest concentration in this beer.
Volatile Compounds. The volatile profiles of the beers

were determined during storage from day 63 to day 426 with
identification of 60 volatile components among which Maillard
Reaction Products (MRPs) and staling compounds were
detected. The volatile profile varied between pasteurized and
unpasteurized beer, but only to a small extent. Four volatile
compounds associated with staling were found to change in
intensity during storage: 3-methyl butanal, 3-methyl-2-

butanone, 4-methyl-2-pentanone, and furfural (Figure 3).
Pasteurization caused significantly increased intensities of all
four volatile compounds compared to unpasteurized beer and
this difference increased with increasing storage time. Increase
in concentration of these four compounds in beer during
storage has previously been reported.1,33 Furfural and 3-methyl
butanal are known to be derived from the Maillard reaction.
Furfural has previously been identified as an indicator of heat-
induced flavor damages, but the formation of furfural is most
likely unaffected by oxygen and the concentrations typically
found in beer are not thought to be significant in terms of
overall beer flavor.1,33,34 3-methyl butanal, may also be
considered a suitable marker for beer oxidation but is most
likely not important for stale flavor formation.1 In conclusion,
these four compounds are likely to be heat induced with their
generation initiated by the pasteurization. Their generation is
therefore likely to occur independently from other oxidative
reactions taking place in the beer. Furthermore, a slight
tendency of a smaller loss of volatile ester compounds, such as
ethyl 2-methylpropanoate, ethyl pentanoate, ethyl hexanoate,
ethyl octanoate, ethyl nonanoate and ethyl decanoate was
observed in the unpasteurized beers during storage compared
to the pasteurized beers. These compounds are often associated
with fruity flavors and beer freshness. Considering the overall
volatile profile of the beers, the differences between the two
beers were small, but unpasteurized beer contained slightly
more volatile ester compounds associated with a fruity
character and less compounds associated with staling suggesting
that the unpasteurized beer actually have a better sensory
quality than the pasteurized beer. These contradictious
observations may be explained by the fact that the generation
of these particular staling compounds as well as the loss in
volatile ester compounds is likely to occur independently of the
radical generation. The higher concentration of the ester
compounds in the unpasteurized beer could be due to a loss in
the pasteurized beer due to the heat treatment or increased
formation of these compounds from active yeast remnants in
the unpasteurized beer.
MRPs are formed during roasting of malt and heat

treatments during the brewing process, and have been reported
to act both as antioxidants35,36 and prooxidants37−39 in wort
and beer. The pasteurization of beer is expected to induce a
slight production of MRPs. Measuring the color of beer gives
an indication of the level of MRPs, but although a slight
increase in color of the pasteurized beer was observed, then no

Figure 1. Oxidative stability of pasteurized (P) and unpasteurized beer (UP) during storage at 22 °C for 426 days determined by incubation of beer
with PBN spin trap at 60 °C and measurement of radical intensity by ESR spectroscopy. (A) ESR lag phases are determined as the time until radical
formation accelerates, and (B) ESR rate of radical formation is determined as the slope of the curve obtained after radical formation has accelerated.

Figure 2. Sulfite concentration in beer after 0 (black bars), 63 (dark
gray bars), and 426 (light gray) days of storage at 22 °C in the dark.
All beers were kept at 5 °C after the given days of storage at 22 °C and
analyzed after the storage period. Values are mean values of two
independent samples and standard deviations are shown as error bars.
Bars bearing different letters are significantly different (P < 0.05).
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statistical significant difference was found between the color of
the pasteurized and the unpasteurized beer (Table 2).
Thiols and Proteins. Thiols have been suggested to act as

antioxidants in beer and the concentration of thiols has been
found to correlate with the oxidative stability in beer as
previously described.6,8 However, in the present study no
significant difference in thiol concentrations was observed after
storage (Table 2). In fact, the thiol concentration was relatively
low compared to the concentrations determined by Lund and
Andersen,8 which indicates that the thiols were oxidized during
storage, but whether this is due to any antioxidative mechanism
of the thiols during storage cannot be concluded based on these
results.
The content of soluble protein was considerably higher in the

pasteurized beer than in the unpasteurized beer after storage for
426 days (Table 2). This difference is probably due to (i)
protein precipitation as a small precipitate was observed after
storage at 22 °C in the unpasteurized beer, and (ii) protein
degradation due to proteolytic activity of yeast and bacteria.
The Bradford method used for protein determination only
detects peptides or proteins of at least 3 kDa so if proteins are
degraded below this limit they are not detected.40 SDS-page
analysis revealed major differences in the composition of the
soluble proteins between the pasteurized and unpasteurized
beers after storage (Figure 4), and the major differences in
protein composition were studied by MS analysis (Table 3). In
band no. 1 two proteins were identified as trypsin/amylase
inhibitor and LTP1. For reduced samples, these proteins were
found to be present in pasteurized beer but not in the
unpasteurized beer. Furthermore, several breakdown products
of protein Z (bands nos. 2, 3, and 4) were observed in the
unpasteurized beer which was consistent with a smaller

Figure 3. Relative intensities of the four volatile compounds (furfural, 3-methyl-butanal, 3-methyl-2-butanone, and 4-methyl-2-pentanone) that
differed in intensity in pasteurized (P) and unpasteurized beer (UP) during storage at 22 °C for 426 days.

Figure 4. A representative SDS-page gel of pasteurized (P) and
unpasteurized (UP) beer samples after 426 days of storage at 22 °C in
the dark that was either reduced (R) by DTT or nonreduced (NR)
prior to electrophoresis. The numbers in bold inserted on the gel refer
to the protein band to the left of the number that was identified by MS
analysis as shown in Table 3. Mw is the molecular weight marker and
numbers (not bold) refer to the molecular weight in kDa. All lanes are
from the same SDS-page gel, but lanes with irrelevant samples have
been cut out of the figure for clarity.
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intensity of the original band of protein Z (band no. 5). This
effect of heat treatment on LTP1 and protein Z is likely to be
caused by activity of proteinase A from yeast in unpasteurized
beer while proteinase A is inactivated by the pasteurization
process as previously shown by He et al.,4 and is likely to result
in degradation of trypsin/amylase inhibitor as well. The
optimum for proteinase A activity on hemoglobin has been
reported to be pH 2−4.5 and varies with the protein
substrate,41 so proteinase A activity is to be expected within
the range of the beers from the present study (Table 2).
For nonreduced samples, an additional protein band above

protein Z (band no. 6) was observed in both beers and was
identified as protein Z. Since this band could not be observed in
reduced samples, it is an oxidized form of protein Z cross-
linked through disulfide bonding. The content of disulfide
cross-linked protein Z was mainly present in the pasteurized
beer which could be a result of either (i) disulfide bonding in
protein Z is induced by pasteurization or (ii) that disulfide
bonding of protein Z took place in both beers but is degraded
by proteinase A in unpasteurized beer during storage.
The major differences in protein composition observed for

pasteurized and unpasteurized beer could explain the observed
differences in oxidative stability of the beers. The presence of
LTP1 in the pasteurized beers with greater oxidative stability is
in agreement with the study of Wu et al.9 showing a stabilizing
effect of LTP1 on flavor in beer and a radical scavenging ability
of the protein. However, in the beers after storage LTP1 seems
to be oxidized as observed both in the SDS-page results and
since the thiol contents are the same in the two beers. Since
there is still sulfite present in the pasteurized beer, LTP1 should
be able to be reduced according to Rogers and Clarke,6 and
since this is not the case pasteurization may have destroyed the
functionality of LTP1. However, this is speculative since the
reducing ability of sulfite on the disulfide bonds in LTP1 is
unknown. The identified trypsin/amylase inhibitor present in
the same band as LTP1 contains 10 cysteine residues and may
therefore also potentially work as an antioxidative protein in
beer. Furthermore, proteins are known to bind metals, and
since the Fe content is higher in the pasteurized beer with
higher oxidative stability, the proteins that have not been
degraded by proteinase A in the pasteurized beer may bind Fe

and perhaps make it less effective in the Fenton reaction. The
determination of metals by ICP-MS provides a total content of
metals irrespective of protein-binding, but if proteins are
precipitated the protein-bound metals will also be precipitated
and therefore not included in the quantification. Barley LTP
have been shown to bind Co(II) and Pb(II) but has no affinity
toward Cu(II) and it is unknown to which extent it binds Fe.42

The protein identified as trypsin inhibitor cme precursor (band
no. 7) did not seem to be affected by pasteurization.

Protein Composition and the Correlation to Oxidative
Stability in Beer during Storage. Pasteurization of beer was
found to improve the oxidative stability during storage at 22 °C
for over one year as determined by measuring the radical
formation by ESR spectroscopy. A faster rate of radical
formation was observed in unpasteurized beer, which is in
agreement with a faster consumption of sulfite. The pasteurized
beer was found to have a higher content of heat induced
volatile staling compounds as well as a slightly lower content of
volatile ester compounds. So although the pasteurized beer
clearly shows a better oxidative stability determined by ESR
spectroscopy, the pasteurization induces a slightly negative
effect on the volatile profile. The level of oxidative stability of
the two set of beers is suggested to be determined mainly by
differences in the prooxidative activity of the metals. The
different metal contents in the beers indicate that metals are
bound differently to the beer matrix dependent on pasteuriza-
tion since the original metal content before pasteurization were
identical in the two beers. The metal-binding beer matrix
components are suggested to be protein-derived since a large
difference in protein content and composition was observed in
the two beers. The unpasteurized beer contained more
degraded protein but also more precipitated protein, which
could explain the observed differences in metal contents. If
metals are bound to beer proteins, protein precipitation would
result in a reduction in metal content due to removal of metal
from the liquid phase as observed for Fe. Protein degradation
could on the other hand result in the release of metals due to a
decreased metal-binding capacity as observed for Cu. Hence,
proteins are suggested to contribute positively to the oxidative
stability either (i) by binding metals and hereby making them
less reactive or available as prooxidants during the Fenton
reaction or (ii) by reacting as a catalyst in the removal of H2O2

formed during oxidative reactions in beer as previously
described for LTP1.9 The mechanism of proteins during
oxidation in beer is currently being exploited further in our lab
as well as the redox status of thiols during storage and the
oxidation potential of protein-bound metals.
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Table 3. Identification of Protein Bands from the SDS-Page
Gela

band
no. identified protein

accesion
number score

mass
(Da)

sequence
coverage
(%)

1 trypsin/amylase
inhibitor

gi|225102 263 15 307 47

lipid transfer
protein 1

gi|47168353 101 10 145 38

2 protein Z-type
serpin

gi|1310677 308 43 307 30

3 protein Z-type
serpin

gi|1310677 542 43 307 27

4 protein Z-type
serpin

gi|1310677 667 43 307 30

5 protein Z-type
serpin

gi|1310677 794 43 307 38

6 protein Z-type
serpin

gi|1310677 257 43 307 19

7 trypsin inhibitor
cme precursor

gi|1405736 137 16 341 31

aProtein band numbers refer to the number on the SDS-page gel in
Figure 3. All proteins were derived from barley (Hordeum vulgare).
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■ ABBREVIATIONS

BSA, bovine serum albumin; CFU, colony forming units;
DPPH, 1,1-diphenyl-2-picrylhydrazyl; DTT, dithiothreitol;
ESR, Electron Spin Resonance; GC-MS, gas chromatogra-
phy−mass spectrometry; GSH, glutathione; HPLC, high
performance liquid chromatography; ICP-MS, Inductively
Coupled Plasma-Mass Spectrometry; LAB, lactic acid bacteria;
LTP1, lipid transfer protein 1; MALDI-TOF MS, matrix
assisted laser desorption ionization-time-of-flight mass spec-
trometry; MRPs, Maillard reaction products; PBN, N-tert-butyl-
α-nitrone; SDS-page, Sodium Dodecyl Sulfate-polyacrylamide
gel electrophoresis; TEMPO, 2,2,6,6-tetramethylpiperidine-1-
oxy; TFA, trifluoroacetic acid; tris, tris(hydroxymethyl)amino
methane

■ REFERENCES

(1) Vanderhaegen, B.; Neven, H.; Verachtert, H.; Derdelinckx, G.
The chemistry of beer agingA critical review. Food Chem. 2006, 95,
357−381.
(2) Pascoe, H. M.; Ames, J. M.; Chandra, S. Critical stages of the
brewing process for changes in antioxidant activity and levels of
phenolic compounds in ale. J. Am. Soc. Brew. Chem. 2003, 61, 203−
209.
(3) Kaneda, H.; Kano, Y.; Osawa, T.; Kawakishi, S.; Koshino, S. Free
radical reactions in beer during pasteurization. Int. J. Food Sci. Technol.
1994, 29, 195−200.
(4) He, G.-Q.; Wang, Z.-Y.; Liu, Z.-S.; Chen, Q.-H.; Ruan, H.;
Schwarz, P. B. Relationship of proteinase activity, foam proteins, and
head retention in unpasteurized beer. J. Am. Soc. Brew. Chem. 2006, 64,
33−38.
(5) Cao, L.; Zhou, G.; Guo, P.; Li, Y. Influence of pasteurising
intensity on beer flavour stability. J. Inst. Brew. 2011, 117 (4), 587−
592.
(6) Rogers, P.; Clarke, F. M. Sustainable redox power from beer
proteins. In 31st International Congress of the European Brewery
Convention, Venice, Italy, 2007.
(7) Wu, M. J.; Rogers, P. J.; Clarke, F. M. 125th Anniversary Review:
The role of proteins in beer redox stability. J. Inst. Brew. 2012, 118, 1−
11.
(8) Lund, M. N.; Andersen, M. L. Detection of thiol groups in beer
and their correlation with oxidative stability. J. Am. Soc. Brew. Chem.
2011, 69, 163−169.
(9) Wu, M. J.; Clarke, F. M.; Rogers, P. J.; Young, P.; Sales, N.;
O’Doherty, P. J.; Higgins, V. J. Identification of a protein with
antioxidant activity that is important for the protection against beer
ageing. Int. J. Mol. Sci. 2011, 12, 6089−6103.
(10) Heinemann, B.; Andersen, K. V.; Nielsen, P. R.; Bech, L. M.;
Poulsen, F. M. Structure in solution of a four-helix lipid binding
protein. Protein Sci. 1996, 5, 13−23.
(11) Uchida, M.; Suga, S.; Ono, M. Improvement for oxidative flavor
stability of beerRapid prediction method for beer flavor stability by
electron spin resonance spectroscopy. J. Am. Soc. Brew. Chem. 1996,
54, 205−211.
(12) Deza-Durand, K. M.; Petersen, M. A. The effect of cutting
direction on aroma compounds and respiration rate of fresh-cut
iceberg lettuce (Lactuca sativa L.). Postharv. Biol. Technol. 2011, 61,
83−90.
(13) European Brewery Convention. Section 4.3.3. In Analytical -
Microbiologica; Fachverlag Hans Carl: Nürnberg, 2001.
(14) European Brewery Convention. Color. In Analytica-EBC;
Fachverlag Hans Carl: Nürnberg, 2008.
(15) Wyrzykowska, B.; Szymczyk, K.; Ichichashi, H.; Falandysz, J.;
Skwarzec, B.; Yamasaki, S.-I. Application of ICP sector field MS and
principal component analysis for studying interdependences among 23
trace elements in Polish beers. J. Agric. Food Chem. 2001, 49, 3425−
3431.

(16) Hansen, T. H.; Laursen, K. H.; Persson, D. P.; Pedas, P.;
Husted, S.; Schjoerring, J. K. Micro-scaled high-throughput digestion
of plant tissue samples for multi-elemental analysis. Plant Methods
2009, 5 (12).
(17) Singleton, V. L.; Rossi, J. A. Colorimetry of total phenolics with
phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. Vitic.
1965, 16, 144−158.
(18) Jensen, O. N.; Larsen, M. R.; Roepstorff, P. Mass spectrometric
identification and microcharacterization of proteins from electro-
phoretic gels: Strategies and applications. Proteins 1998, suppl. 2, 74−
89.
(19) Gobom, J.; Nordhoff, E.; Mirgorodskaya, E.; Ekman, R.;
Roepstorff, P. Sample purification and preparation technique based on
nano-scale reversed-phase columns for the sensitive analysis of
complex peptide mixtures by matrix-assisted laser desorption/
ionisation mass spectrometry. J. Mass Spectrom. 1999, 34, 105−116.
(20) Abrahamsson, V.; Hoff, S.; Nielsen, N. J.; Lund, M. N.;
Andersen, M. L. Determination of sulfite in beer based on fluorescent
derivatives and liquid chromatographic separation. J. Am. Soc. Brew.
Chem. 2012; http://dx.doi.org/10.1094 /ASBCJ-2012-1012-01.
(21) Hoff, S.; Larsen, F. H.; Andersen, M. L.; Lund, M. N.
Quantification of thiols using high performance liquid chromatography
with fluorescence detection. 2012, submitted.
(22) Hawkins, C. L.; Morgan, P. E.; Davies, M. J. Quantification of
protein modification by oxidants. Free Radic. Biol. Med. 2009, 46, 965−
988.
(23) Giusto, C.; Iacumin, L.; Comi, G.; Buiatti, S.; Manzano, M.
PCR-TTGE and RAPD-PCR techniques to analyse Saccharomyces
cerevisiae and Saccharomyces carlsbergensis isolated from craft beers. J.
Inst. Brew. 2006, 112 (4), 340−345.
(24) Menz, G.; Andrighetto, C.; Lombardi, A.; Corich, V.; Aldred, P.;
Vriesekoop, F. Isolation, identification, and characterisation of beer-
spoilage lactic acid bacteria from microbrewed beer from Victoria,
Australia. J. Inst. Brew. 2010, 116 (1), 14−22.
(25) Kunz, T.; Methner, F.-J.; Kappl, R.; Hüttermann, J. Method for
determining the endogenous antioxidative potential of beverages by
means of EPR spectroscopy. Patentanmeldung U30121, TU-Berlin:
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Storage stability of pasteurized non-filtered beer

Signe Hoff,1* Marianne N. Lund,1,2 Mikael A. Petersen,1 William Frank3

and Mogens L. Andersen1

The influence of pasteurization on non-filtered beers was investigated during accelerated storage (40°C, 41 days). Two beers
were produced from the same hopped wort, which was fermented with two different yeast strains. Half of the bottled beers were
tunnel pasteurized resulting in four different beer samples. The pasteurization influenced the volatile profile of both fresh beers,
but during storage the differences between the volatile profiles of pasteurized and non-pasteurized beers disappeared. During
the storage period, the pasteurized beers gave a lower rate of radical formation, as evaluated by electron spin resonance
spectroscopy, indicating a better oxidative stability. The pasteurization had no effect on the levels of the pro-oxidative metals
iron and copper. Pasteurization slightly increased the protein content of the beers. SDS–PAGE analysis showed that the two beers
had different protein profiles, which changed during storage; however, pasteurization of both beers did not affect their protein
profiles. The level of thiols were lowered in one beer and raised in the other beer by pasteurization, but during storage the levels
of thiols decreased at the same rate in all of the beers. It was concluded that pasteurization had a positive influence on the
oxidative stability of non-filtered beer. Copyright © 2013 The Institute of Brewing & Distilling

Keywords: beer; pasteurization; oxidation; volatile profile; radicals; storage

Introduction

Beer is pasteurized in order to keep it microbiologically stable,

and even though most breweries pasteurize their beer, a

number of breweries prefer not to use pasteurization. Many

microbrewers choose not to filter the beer, yet some prefer to

pasteurize. Therefore, research including pasteurized, non-

filtered beer remains important. In spite of the wide application

of the pasteurization technique for microbiological reasons, the

influence of pasteurization on the chemical storage stability is

not very well described, and only a few studies have been

carried out on the subject, and with contradicting results. Cao

et al. (1) found that increasing levels of pasteurization had a neg-

ative influence on the chemical storage stability, as increasing

levels of pasteurization resulted in an increase in colour, de-

crease in polyphenols and bitterness during storage, as well as

an increase in staling aldehydes and a decrease in the concen-

tration of volatile ester compounds associated with beer fresh-

ness (1). Kaneda et al. (2) studied radical generation in both

pasteurized and non-pasteurized beer using electron spin reso-

nance (ESR) spectroscopy and chemiluminescence intensity,

and suggested that pasteurization resulted in an initiation of

radical reactions. In a recent study pasteurization of filtered beer

was found to improve the oxidative stability during storage

compared with non-pasteurized beer, based on ESR spectros-

copy measurements and sulphite determination (3).

The quality of wort is important in relation to the quality of the

final beer and a correlation has been found between the oxida-

tive stability of wort and that of beer (4). Knowledge about the

oxidative status of the original wort is therefore an important ba-

sis for understanding the complex mechanisms of beer stability.

Transition metals such as Fe and Cu have been found to have

significant effects in both wort (5,6) and beer (7,8) on the oxida-

tive stability, as trace levels of Fe and Cu are known to act as cat-

alysts in radical generation and oxidation reactions during beer

aging. Beer proteins were recently found to contribute positively

to the oxidative stability of beer, most likely caused by binding of

metals, making them less reactive or available as pro-oxidants (3).

Furthermore, protein thiols have been correlated to the oxidative

stability in beer measured by ESR (9), and the thiol-containing lipid

transfer protein 1 (LTP 1) has been found to play an important role

in beer flavour stability (10). The yeast enzyme proteinase A was

found able to degrade LTP1, but was inactivated in pasteurized

beer, and therefore remains important in relation to LTP1 preser-

vation in non-pasteurized beer (11).

The purpose of the current study was to evaluate the storage

stability of two different non-filtered pasteurized and non-

pasteurized beers, produced from the same wort. Both wort

and beer were evaluated based on oxidative stability deter-

mined by ESR spectroscopy, protein content, protein composi-

tion and Fe and Cu levels. The beers were furthermore

evaluated based on thiol content, sulphite content and their vol-

atile profile during storage.

Methods

Chemicals

Acetonitrile, N-tert-butyl-α-nitrone (PBN), glutathione, 1-octanol,

4-methyl-1-pentanol, HCl, Perdrogen™ 30% H2O2, α-(4-pyridyl-1-

oxide)-N-t-butylnitrone and 2,2,6,6-tetramethylpiperidine-1-oxy
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were purchased from Sigma-Aldrich (St Louis, MO, USA).

Plasma Pure 67–6% (HNO3) was purchased from SCP Science

(Courtaboeuf, France). Tris(hydroxymethyl)amino methane (tris),

ThioGlo 1 fluorescent thiol reagent, trifluoroacetic acid (>99.8%)
and sodium sulphite were obtained from Merck (Darmstadt,

Germany). NuPAGE® Novex 12% bis-tris gels, LDS sample buffer,

MES running buffer, Mark 12TM unstained standard and Molecu-

lar Probes SYPRO® Ruby Protein Gel Stain were obtained from

Invitrogen (Carlsbad, CA, USA). Dithiothreitol (DTT) was obtained

from Applichem GmbH, Darmstadt, Germany. Bradford Bio-Rad

Protein Assay Reagent was obtained from Bio-Rad Laboratories,

Hercules, CA. The bovine serum albumin (BSA) standard of

2.0 mg/mL was obtained from Thermo Fisher Scientific Inc.

(Rockford, IL, USA). Ethanol (96%) was obtained from Kemetyl

(Køge, Denmark). All chemicals were of analytical grade or

highest possible purity. Water was purified through a Milli-Q

water purification system (Millipore, Billerica, MA, USA).

The brewing process

Wort was produced from a 100% pilsner malt and mashing was

carried out as follows: mash in was carried out at 53°C with an

increase to 62°C held for 30 min followed by an increase to 65°C

held for 40 min; thereafter the temperature was increased to

72°C and held for 15 min and mash out was carried out at 73°C.

Wort was filtered and boiled for 30 min before 400 g Hallertauer

Perle hop was added. After 60 min of total boiling time another

400 g of Hallertauer Perle hop was added and, after 75 min,

300 g of Centennial hop was added and the wort was left to boil

another 15 min, resulting in a total boiling time of 90 min. Hops

were added as type 90 pellets. The wort (12.7°P) was divided into

two fermentation casks and cooled to 16°C. The two worts were

fermented for 7 days with an ale brewer’s yeast (yeasts 1 and 2)

resulting in beers 1 and 2, respectively. Both beers were bottled,

without filtration, in 330 mL flasks, and half of the bottles of each

beer were pasteurized to 20 pasteurization units by tunnel pas-

teurization by holding the beers at 70°C for 30 min.

Radical intensity measured by ESR spectroscopy

Sweet, boiled and hopped wort. ESR wort measurements

were carried out as a forced aging experiment according to

Frederiksen et al. (5) with addition of ethanol (5% w/w) and

α-(4-pyridyl-1-oxide)-N-t-butylnitrone spin trap (40 mM). Wort,

ethanol and spin trap were heated at 60°C in closed Blue Cap

bottles with a headspace of atmospheric air and samples were

analysed at given time intervals. ESR spectra were recorded at

room temperature with a JES-FR30 ESR spectrometer (Jeol,

Tachikawa, Japan) using a quartz capillary (i.d. 0.75 mm) sample

cell (Wilmad Glass, Buena, NJ, USA). The settings were as follows:

microwave power, 4 mW; sweep width, 5.0 mT; sweep time, 2

min; modulation width 0.125 mT; time constant 0.3 s. Intensities

of the ESR signals were calculated relative to an internal Mn(II)

standard (set to 650) attached to the ESR cavity to compensate

for day-to-day variation. All wort ESR measurements were

performed in duplicate.

Beer. ESR beer measurements were performed according to

Uchida et al. (12) on the same equipment as described above.

Beer was degassed by stirring with 1-octanol (0.01%) on a mag-

netic stirrer for 5 min and filtered through a funnel filter.

Degassed beer containing PBN (30 mM) was heated at 60°C in

closed Blue Cap bottles with headspace of atmospheric air.

Samples were analysed with the same settings as listed for

the wort samples at given time intervals, with only the ampli-

tude changed to 1000. All ESR measurements on beer were

performed in duplicate or triplicate.

Fe and Cu

A 10 mL aliquot of wort or beer sample was pre-concentrated to

dryness and acid digested using 2.5 mL plasma–pure 67–69%

nitric acid and 1.5 mL plasma–pure 15% hydrogen peroxide on

a combined microwave and pressurizing system (UltraWave sys-

tem, Milestone Srl, Sorisole, Italy). After 15 min, ramping samples

were pre-pressurized to 40 bar and digested at 240°C for 10 min,

using the pressurized microwave. After digestion, samples were

diluted to an acid concentration of 3.5% using Milli-Q water.

Multielemental composition of sample digests were subsequently

analysed using inductively coupled plasma–mass spectrometry

(Agilent 7500ce, Manchester, UK) using an octopole reaction cell

for interference removal (Agilent 7500ce, Manchester, UK) follow-

ing the instrumental settings listed in Hansen et al. (13) Samples

were determined in duplicate.

Colour determination

Absorbance of the wort samples was measured at 430 nm using

a Cintra 40 spectrophotometer (GBC, Melbourne, Australia), and

EBC colour was determined according to Analytica EBC 8.3 (14).

Sugar content (°P)

Original extract (wort °P) and apparent extract (beer °P) were

determined using a hydrometer.

Alcohol content

Alcohol content was determined using a Beer Analyzer, Infratec

1256, ISW 3.20 (Foss, Denmark).

Protein concentration by Bradford

Protein concentrations of beer and wort samples were deter-

mined by the Bradford method, according to the manufacturer’s

procedure, with a few modifications. Samples were prepared in

triplicate by mixing 20 μL thawed filtered beer sample or 5 mL

wort sample with 1 mL Bio-Rad Protein Assay Dye Reagent

Concentrate, diluted 4 times in Milli-Q-water. The samples were

incubated at room temperature and absorbance at 595 nm was

read after exactly 15min usingmicrocuvettes and a Cintra 40 spec-

trophotometer (GBC, Melbourne, Australia). Protein concentration

was determined from a standard curve prepared with 0–5 μg/mL

BSA (final concentration) where BSA standard solutions were

added to the samples instead of degassed beer or wort sample.

Sulphite and thiol quantification

The method for sulphite and thiol quantification was based on

the fluorescent thiol reagent ThioGlo 1 and HPLC separation,

making it possible to differentiate between thiol-ThioGlo 1 ad-

ducts and sulphite-ThioGlo 1 adducts. Quantification of sulphite

was performed using the standard addition procedure described

by Abrahamsson et al. (15). Thiol quantification was carried out
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based on the method described by Hoff et al. (16) using a matrix

matched standard addition curve based on pasteurized beer 1.

SDS–PAGE analysis of beer proteins

Samples were analysed by gel-electrophoresis using NuPAGE®
Novex 12% Bis-tris gels, according to the manufacturer’s instruc-

tions. Loading samples were prepared with the same volume

of each beer sample. Aliquots of a 10 μL loading sample,

containing 5 μL beer, were loaded to the gel, and 0.1 M

dithiothreitol (final concentration) was added to reduced

samples. All loading samples were heated at minimum 70°C for

10 min before loading to the gel. Aliquots of 3 μL Mark 12TM

unstained standard were loaded to each gel. Electrophoresis

was run at 200 V for 35 min in cassettes containing ice-cold

MES running buffer. Following electrophoresis the gels were

fixed in a solution containing 50% ethanol and 7% acetic acid

for 30 min on a rocking table, whereafter the fix solution was

exchanged and left overnight. The gels were subsequently
stained with the fluorescent SYPRO® Ruby Protein Gel Stain

overnight, washed with a solution of 10% ethanol and 7% acetic

acid for 30 min and subsequently washed twice with Milli-Q

water for 5 min, and photographed by a charge-coupled device

camera (Raytest, Camilla II, Straubenhardt, Germany).

Volatile profile

Headspace analysis was carried out in triplicate, using 5 mL wort

and 0.25 mL 4-methyl-1-pentanol (5 mg/L) as internal standard.

The volatile compounds were collected on a Tenax-TA trap

(Buchem bv, Apeldoorn, The Netherlands). The trap contained

250 mg of Tenax-TA with mesh size 60/80 and a density of

0.37 g/mL (Buchem bv, Apeldoorn, The Netherlands). The sam-

ples were equilibrated to 30 ± 1°C for 5 min in a circulating water

bath and then purged with nitrogen (75 mL/min) for 15 min.

The trapped volatiles were desorbed using an automatic ther-

mal desorption unit (ATD 400, Perkin Elmer, Norwalk, CT, USA).

Primary desorption was carried out by heating the trap to 250°

C with a flow (60 mL/min) of carrier gas (H2) for 15 min. The

stripped volatiles were trapped in a Tenax TA cold trap (30 mg

held at 5°C), which was subsequently heated at 300°C for 4

min (secondary desorption, outlet split 1:10). This allowed for

rapid transfer of volatiles to a gas chromatograph–mass spec-

trometer (GC-MS, 7890A GC-system interfaced with a 5975C VL

MSD with Triple-Axis detector from Agilent Technologies, Palo

Alto, CA, USA) through a heated (225°C) transfer line. Separation

of volatiles was carried out on a DB-Wax capillary column 30 m

long× 0.25 mm internal diameter, 0.25 μm film thickness. The

column pressure was held constant at 2.4 psi resulting in an ini-

tial flow rate of approximately 1.2 mL/min using hydrogen as

carrier gas. The column temperature programme was: 10 min

at 40°C; from 40 to 240°C at 8°C/min; and finally 5 min at 240°

C. The mass spectrometer was operating in the electron

ionisation mode at 70 eV. Mass-to-charge ratios between 15

and 300 were scanned. Volatile compounds were identified by

probability-based matching of their mass spectra with those of

a commercial database (Wiley275.L, HP product no. G1035A).

The software program, MSDChemstation (version E.02.00,

Agilent Technologies, Palo Alto, CA, USA), was used for data

analysis. Relative concentrations are presented as areas based

on single ions divided by the peak area of the internal standard.

Statistical data analysis

Statistical analysis was carried out as one-way ANOVA using the

software SAS Jump 9, SAS Institute, Inc., USA. Storage Day and

Beer Sample were included in the models as fixed effects. Day

to day variance between different analysis days was observed

for thiol quantification and Analysis Day was included in the

model as a random effect. Therefore the least significant differ-

ence value was determined and is presented in Fig. 6.

Multivariate data analysis

Multivariate data analysis was applied to GC-MS data to visualize

the influence from pasteurization and storage, as well as the

difference between the two beers using principal component

analysis (PCA). PCA was performed using Latentix software

(LatentiXTM 2.0, Latent5, Copenhagen, Denmark, www.latentix.

com). Analyses were carried out on the relative peak areas and

data was auto-scaled and cross-validated.

Results

The effect of pasteurization was evaluated by following the

oxidative stability of non-filtered beer during accelerated stor-

age at 40°C for 41 days. Two beers were produced from the

same pilsner wort by fermentation with two yeast strains. Beers

were bottled, and half of the bottles of each of the two beers

were pasteurized and the other half remained non-pasteurized.

The two yeast strains were chosen based on a preliminary

unpublished study, where 20 different yeast strains were

screened for their oxidative stress tolerance by exposing them

to pro-oxidants. Yeast 1 was found to be a low oxidative stress

resistant strain and yeast 2 to be a high stress resistant strain.

The beers were brewed in a mid-sized Danish microbrewery,

reflecting a small-scale production site.

Wort and beer

Beer quality is strongly linked to wort quality. In the sweet wort,

boiled wort, and boiled/hopped wort, protein content and Fe

and Cu levels were determined (Table 1) and the oxidative sta-

bility of the worts was evaluated using ESR spectroscopy (Fig. 1).

The sample of boiled wort was collected after 30 min of boiling,

immediately before hops were added, and the sample of

hopped boiled wort was collected after 90 min of boiling,

Table 1. Protein, iron (Fe) and copper (Cu) content in sweet

wort (SW), boiled wort (BW) and boiled/hopped wort (BHW).

Values are given as means ± standard deviation (protein n= 3,

Fe and Cu n= 2). Letters indicate the statistical difference of

samples within the same column, and the levels bearing differ-

ent letters are significantly different (p< 0.05)

Wort Protein (μg/mL) Fe (μg/L) Cu (μg/L)

SW 252.5 ± 3.7A 683.3 ± 9.7A 265.3 ± 4.1A

BWa 253.0 ± 6.0A 725.9 ± 16.4A 261.4 ± 2.3A

BHWb 232.5 ± 1.9B 314.1 ± 2.3B 101.4 ± 5.6B

aBoiled for 30 min
bBoiled for 30 min without hops and 60 min with hops
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immediately before cooling. Sweet wort was found to have the

lowest radical forming intensity compared with boiled wort

and hopped boiled wort in line with previous studies (6,17).

Boiling resulted in a large increase in radical intensity compared

with sweet wort. Further boiling with hops resulted in a rate of

radical formation similar to boiled wort. Previous studies have

shown that hops have a radical scavenging effect (17–20), which

is most likely also the case in the current study, since wort boil-

ing is known to increase radical formation. The additional 60 min

of boiling should therefore result in an increase in radical forma-

tion (17). Boiling with hops resulted in a small decrease in pro-

tein content, as well as in a rather large decrease in Fe and Cu

levels (Table 1). This is in line with previous studies, where this

phenomenon was explained by the effective binding of metals

by proteins and polyphenolic compounds originating from the

malt and the hops (19,21,22).

The wort (12.7°P), which was fermented with yeast 1, gave a

beer (beer 1) with an alcohol content of 5.9% (v/v) and an appar-

ent extract of 1.9° P. Wort fermented with yeast 2 gave a beer

(beer 2) with an alcohol content of 3.2% v/v and an apparent ex-

tract of 6.9°P (Table 2). The beers did not contain any sulphite

immediately after bottling (Table 2). Sulphite is considered to

be the main antioxidant in beer, and the two beers were there-

fore expected to be very susceptible to oxidation. Oxygen is im-

portant for radical generation (23,24) and beer staling is caused

by oxidative as well as non-oxidative reactions (24,25). Both

beers were tested in a consumer survey and both scored high

in ‘likeability’ (data not shown).

Volatiles

Analysis of volatile compounds was carried out on both fresh

and stored beer (40°C for 41 days), resulting in the identification

of 68 volatile compounds (Table 3). To visualize the influence

from pasteurization and storage, as well as the difference be-

tween the two beers, a PCA was carried out on the volatiles from

the fresh beers (Fig. 2, 1A/B) and stored beers (Fig. 2, 2A/B). Not

surprisingly, beers 1 and 2 were very different in volatile profile,

illustrated as beer 2 is located to the left and beer 1 to the right

of both PCA score plots. Pasteurization had an influence on the

volatile profile of the fresh beers as these were located at the up-

per part of the PCA score plot and the non-pasteurized beers

located were at the lower part (Fig. 2 1A/B). Generally, the fresh

pasteurized beers were characterized by having a larger content

of compounds often associated with negative flavours (24–26) in

lager beers: 2-methylbutanal, 3-methylbutanal, 4-methyl-2-

hexanone, ethyl methanoate, 2-methylfuran, 2,5-dimethylfuran,

2-furancarboxaldehyde, benzaldehyde, 4,1-methylethyl benzoic

acid and geranyl acetone. The fresh non-pasteurized beers had

a larger content of alcohols and volatile ester compounds asso-

ciated with beer freshness: ethyl heptanoate, hexyl formate,

ethyl tridecanoate, ethyl octanoate, heptanol, ethyl nonanoate,

1-octanol, ethyl benzoate, ethyl decanoate, 2,3-dimethylpyrazine

and phenylethyl acetate and ethyl phenylacetate. Esters are im-

portant for a beer’s volatile profile and their degradation during

storage has been found to be responsible for reduced fruit fla-

vour (24,27). Most esters are present in concentrations around

the threshold value and minor changes in their concentration

may have a large effect on beer flavour (27). The loss of some

volatiles, along with the generation of others, indicates that

pasteurization had a negative influence on the volatile profile

Figure 1. Oxidative stability of wort determined by ESR spectroscopy during forced

aging by incubation at 60°C with ethanol (5%) and α-(4-pyridyl-1-oxide)-N-t-

butylnitrone spin trap (40mM). (A) ESR spectra of α-(4-pyridyl-1-oxide)-N-t-butylnitrone

spin adducts formed in sweet wort (SW) boiled wort (BW) and boiled/hopped wort

(BHW) after 90 min of incubation. (B) Radical intensity measured during incubation

based on the amplitude of the spectra exemplified in (A) (n=2).

Table 2. Beers 1 and 2 produced from the same pilsner wort with the yeast strains 1 and 2 were pasteurized (P) or remained non-

pasteurized (NP). Alcohol content (Alc.%) and sugar content (°P) were determined for the fresh beers, and EBC colour and pH were

determined on both fresh beer and stored beer (41 days at 40°C). Values are given as means ± standard deviation (n= 2). Letters

indicate the statistical difference of samples within the same analysis, and the levels bearing different letters are significantly

different (p< 0.05)

Day 0 41 days 40°C

Alc.% °P SO2 (mg/L) EBC colour pH EBC colour pH

Beer 1 P 5.9 1.9 0.3 ± 0.1 13.4 ± 0.0D 4.4 ± 0.02AB 16.1 ± 0.6C 4.4 ± 0.00A

Beer 1 NP 5.9 1.9 0.1 ± 0.1 13.5 ± 0.7D 4.4 ± 0.00B 15.8 ± 0.3C 4.4 ± 0.00AB

Beer 2 P 3.2 6.9 0.3 ± 0.1 16.5 ± 0.2C 4.9 ± 0.00CD 19.8 ± 1.5A 4.9 ± 0.01C

Beer 2 NP 3.2 6.9 0.3 ± 0.3 16.1 ± 0.0C 4.8 ± 0.02D 18.0 ± 0.3B 4.9 ± 0.01C
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of the fresh beers. Cao et al. (1) studied varying levels of pasteur-

ization (2–14 pasteurization units) and found, similar to the

current results, that an increase in pasteurization units resulted

in increased loss of estery volatiles during storage, as well as

an increase in aldehydes and sulphur-derived compounds (1).

However, in contradiction to the current study, these variations

were not found in the fresh beer (1), which could be explained

by lower levels of pasteurization.

Storage at 40°C for 41 days had a large influence on the vola-

tile profiles of all beers and resulted in elimination of the

Table 3. Volatile compounds identified in the beers and included in the principal component analysis in Fig. 2. The target ion was

used for quantification of the compounds

No. Name Target ion No. Name Target ion No. Name Target ion

1 2-Propanone 58 24 3-Methyl-1-butanol 31 47 Methoxyethane 45

2 2-Methylpropanal 72 25 2-Pentyl-furan 81 48 Benzaldehyde 106

3 Ethyl acetate 44 26 Ethyl hexanoate 88 49 Ethyl nonanoate 88

4 2-Methylbutanal 57 27 Thiazole 85 50 1-Octanol 56

5 3-Methylbutanal 58 28 1-Pentanol 42 51 Isobutyric acid 43

6 4-Methyl-2-hexanone 29 29 Hexyl acetate 43 52 Ethyl 9-decanoate 88

7 Ethyl methanoate 31 30 Difurfuryl ether 81 53 Phenylacetaldehyde 91

8 2-Methylfuran 82 31 3-Hexenyl butanoate 67 54 2-Furanmethanol 98

9 3-Methyl-2-butanone 43 32 Ethyl heptanoate 88 55 Ethyl decenoate 41

10 Ethanol 29 33 6-Methyl-5-hepten-2-one 43 56 Ethyl benzoate 105

11 2,5-Dimethylfuran 96 34 Hexyl formate 56 57 α-Humulene 93

12 Ethyl propionate 57 35 4-Hydroxypyridine 95 58 Ethyl decanoate 55

13 Ethyl isobutanoate 43 36 Heptyl acetate 43 59 Ethyl geranate 69

14 Propyl acetate 43 37 Ethyl tridecanoate 88 60 2,3-Dimethylpyrazine 71

15 4-Methyl-2-pentanone 43 38 Nonanal 57 61 4,1-Methylethyl benzoic acid 149

16 Isobutyl acetate 43 39 2,4-Hexadienal 81 62 Ethyl phenylacetate 91

17 Ethyl butanoate 71 40 Ethyl octanoate 101 63 Phenethyl acetate 104

18 1-Propanol 31 41 Acetic acid 43 64 β-Damascenone 69

19 Butyl acetate 43 42 Heptanol 70 65 Ethyl dodecanoate 88

20 Hexanal 56 43 Furfural 96 66 Geranyl acetone 43

21 2-Methyl-1-propanol 27 44 Octyl acetate 43 67 Phenylethyl alcohol 91

22 3-Methylbutyl acetate 55 45 Decanal 57 68 Phenol 94

23 Pentyl acetate 43 46 2-Furanylethanone 95

Figure 2. (1A) PCA score plot based on the total volatile profile in fresh beers and the corresponding loadings plot (1B). (2A) PCA score plot based on the total volatile

profile of stored beers (41 days at 40°C) and the corresponding loadings plot (2B). Each volatile compound is represented by a number corresponding to that in Table 3.
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differences caused by pasteurization in the fresh beers; in contrast

to the fresh beers, it was not possible to differentiate between the

volatile profiles of pasteurized and non-pasteurized stored beers,

but only between the two beers, beers 1 and 2 (Fig. 2).

The overall volatile staling pattern was complex and caused by

many different compounds. Selected staling markers from

different origins (25,26) identified in the current study are

shown in Fig. 3. Pasteurization resulted in increased concentra-

tions of the Strecker degradation products 2-methylpropanal, 2-

methylbutanal and 3-methylbutanal. During storage, these

compounds increased even more in all beers and reached

approximately the same level, which is likely to be caused by the

elevated storage temperature. Interestingly, the staling compound

and Strecker degradation product benzaldehyde decreased in

concentration during storage and the staling compound and

Strecker degradation product phenylacetaldehyde seemed to be

uninfluenced by storage. The Maillard reaction product and

marker of staling, furfural, was also generated during pasteuriza-

tion, but increased dramatically in concentration during storage

in all beers. The generation of furfural was previously found to be

highly influenced by beer storage temperature and was found to

be generated much faster with storage at 40°C compared with

storage at 20°C (24). In Lund et al. (3), where filtered beer was

stored at 22°C for over one year, furfural also developed in pasteur-

ized beer, but almost no furfural developed in the non-pasteurized

beer. The staling ketone β-damascenone was found to increase in
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Figure 3. Relative concentration of some staling volatiles identified in the fresh and stored beer (41 days at 40°C; n= 3). Strecker degradation products: 2-methylbutanal, 3-

methylbutanal, 2-methylpropanal, benzaldehyde and phenylacetaldehyde. Maillard reaction product: furfural. Ketones: β-damascenone and 4-methyl-2-pentanone. Lipid oxida-
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all beers, which was also the case for the ethyl ester and staling

compound ethyl phenylacetate, which actually decreased in con-

centration during pasteurization. The staling ketone 4-methyl-2-

pentanone was uninfluenced by storage in both pasteurized and

non-pasteurized beer, but was previously found to increase in pas-

teurized filtered beer during storage at 22°C (3). Only a slight in-

crease in the fatty acid oxidation product hexanal during storage

was detected and no other fatty acid oxidation products were

detected, including (E)-2-nonenal and methional; however, the

concentration of (E)-2-nonenal may have been below our detec-

tion limit. Generally, these results show an increase inmany staling

compounds during storage, indicating that significant oxidation

has taken place in the beers.

Oxidative stability of beers during storage measured by

ESR spectroscopy

The beers, stored for 41 days at 40°C, did not change in pH during

the storage period. Initially the pasteurization had no significant ef-

fect on the colour of the beers; however, during the storage period

both beers 1 and 2 became darker, which was probably caused by

Maillard reactions owing to the high storage temperature. At the

end of the storage, the pasteurized beers tended to have a darker

colour compared with the non-pasteurized beer and this observa-

tion was significant for beer 2 (Table 2). The darker colour was in

line with previous studies, where a linear correlation between

storage time and colour was found (1) and explained by the gen-

eration of Maillard reaction compounds and degradation of poly-

phenols (1,24). The oxidative stability of the beers was evaluated

by measurement of the lag phase for radical formation during aer-

obic forced aging using ESR spectroscopy. Usually a lag phase is

observed indicating the time before radical formation is acceler-

ated. A lag phase was not observed for the two beers, owing to

the lack of sulphite, which is the main antioxidant in beer (8,28).

Therefore the oxidative stability of the beers was evaluated by

the rate of radical formation only. The rate of radical formation

was determined as the slope of the spin adduct formation curve,

and is a measure of the radical forming potential of the beer. The

rate of radical formation evaluates the effect of pro-oxidants with-

out the inhibiting effect of antioxidants. All beers showed a

significant increase in radical generation from beginning of

storage until 27 days of storage (Fig. 4). From day 27 to day 41

the radical formation levelled off and no further significant in-

crease was observed. Furthermore, there was a tendency for the

non-pasteurized beers to have a higher radical generation, as

was also previously observed for filtered beer (3), although this

was not significant throughout the entire storage period. In a

recent study, pasteurization was found to have a positive effect

on the oxidative stability of beer as pasteurized beers gave a longer

ESR lag phase than non-pasteurized beer during storage, as well as

a slower decrease in sulphite content and decreased rate of radical

formation (3). Results based on ESR, very similar to the current

study, where no lag phase was detected in pasteurized and non-

pasteurized beer, were found by Kaneda et al. (2), also showing that

pasteurized beer had a lower content of radicals. However, in con-

trast to the current study, this result was suggested to be caused by

the fact that some radicals in the pasteurized beer had already

reacted during the pasteurization process, indicating that the

radical-forming potential was exhausted.

Beer 2 had a lower alcohol content than beer 1. Ethanol radi-

cals are the main radicals detected in beer by spin trapping in

combination with ESR spectroscopy (5). An experiment with

addition of ethanol to Beer 2 was carried out confirming that

the decreased ethanol content in beer 2 was not a limiting factor

for the detection of radicals (data not shown).

Thiols, Fe and Cu levels and protein content

Thiols are in general sensitive to oxidation and the concentra-

tion of thiols in beer was therefore monitored during storage.

Generally, the concentration of thiols was in the low range of

what had previously been observed in other beers (9), but this

was consistent with a corresponding low protein concentration

(Fig. 5). A significant loss of thiols was observed in all beers dur-

ing the first 14 days of storage. However, storage from 14 to 41

days did not result in a further significant loss of thiols (Fig. 6).

These results indicate that thiols are quickly lost at the begin-

ning of storage, until a certain level where the loss of thiols is

slowed down. Pasteurized beer 1 had a significantly lower

content of thiols on day 0. However, no further significant

differences were found between the beers.

Figure 4. Oxidative stability of beers 1 and 2, pasteurized (P) and non-pasteurized

(NP) measured by ESR spectroscopy during 41 days of storage at 40°C. The rate of

radical formation on each particular day was determined as the slope of the curve

obtained after radical formation had accelerated and measured during forced ag-

ing by incubation with N-tert-butyl-α-nitrone spin trap (30 mM) at 60°C.

Figure 5. Protein content in fresh and stored beer (41 days at 40°C) (n= 3). Letters

indicate that the sample’s statistical difference and the levels bearing different let-

ters are significantly different (p< 0.05).
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The presence of the transitionmetals Fe and Cu promotes metal-

catalysed oxidation and thereby affects radical formation and the

oxidative stability of wort (5) and beer (7,23,28), and these metals

were therefore quantified in thewort (Table 1) as well as in the fresh

and stored beer (Fig. 7). A large proportion of Fe and Cu was re-

moved from the wort, by both yeast strains during fermentation,

in line with previous studies (21,29,30). Beer 1 had a significantly

higher content of both Fe and Cu than beer 2. The variations could

be caused by the yeast, as yeast with less vital cells is ineffective in

concentrating and binding metals within the cell (29,30). Also, the

level of oxidative reactions can affect the content of Fe and Cu,

since the exposure of yeast cells to exogenous reactive oxygen spe-

cies was recently shown to affect their uptake and export of metal

ions (31). The variations in Fe and Cu levels between the two beers

may therefore be a combination of differences in yeast vitality and

exposure to oxidative conditions during the fermentation.

Pasteurization seemed to have only a minor influence on solu-

ble Fe and Cu levels, with the exception of fresh beer 2, where

the fresh pasteurized beer had a higher Fe content than the fresh

non-pasteurized beer. This difference, however, was not observed

after storage. Storage had no influence on Fe and Cu levels apart

from beer 1, where a minor but significant decrease in Cu levels

was found in both pasteurized and non-pasteurized beer.

After fermentation the protein content in all of the beers

had decreased from 232.5 μg/mL in the hopped boiled wort

to approximately 70 μg/mL in all beers (Fig. 5). This content

of soluble protein was low for both wort and beer (32). Non-

pasteurized fresh beers tend to have a slightly lower content

of soluble proteins, but there was only a significant difference

for beer 2. In contrast to beer 1, beer 2 was also affected by

storage, where the soluble protein content decreased signifi-

cantly for both pasteurized and non-pasteurized beer.

SDS–PAGE analysis of both wort and beer samples was

performed to investigate the protein composition. The sweet

wort and boiled wort clearly showed a more diverse protein

composition compared with hopped/boiled wort and beer in

agreement with previous studies (33), where it has been found

that many of the trypsin/α-amylase inhibitors present in sweet

wort were lost during wort boiling. The loss of a number of pro-

teins during boiling, found by SDS–PAGE analysis correlates with

the protein content observed in the current study (Table 1).

SDS–PAGE analysis also revealed a difference in protein compo-

sition between the beers, as more protein bands were visible for

beer 2 compared with beer 1 (Fig. 8). Storage influenced the pro-

tein composition of beer 2, resulting in the loss of a number of

protein bands and formation of a few new protein bands, while

storage only had a minor effect on protein composition of beer

1. In beer 2 protein Z (the strongest band just above the 36.5

kDa marker) is suggested to be degraded by protease activity

from the yeast as the additional bands appearing below protein

Z in the stored beers previously have been identified as protein

Z (3). The band appearing just below the 14.4 kDa marker has

previously been identified to contain trypsin/α-amylase inhibitor

and LTP1 (3), and this band was also lost during storage, which

was also likely to be due to protease activity of the yeast. Protein

Z, trypsin/α-amylase inhibitor and LTP1 degradation were

also observed in the pasteurized beer, which may be caused

by non-enzymatic protein degradation (11), or alternatively

Figure 7. (A) Iron (Fe) content in fresh and stored beer (41 days at 40°C). (B) Cop-

per (Cu) content in fresh beer and stored beer (41 days at 40°C). Letters indicate

the sample’s statistical difference and the levels bearing different letters are signif-

icantly different (p< 0.05).

Figure 6. Thiol levels in beer 1 pasteurized (1 P) and non-pasteurized (1NP) and beer

2 pasteurized (2 P) and non-pasteurized (2 NP) during storage for 41 days at 40°C

(n= 4). Owing to a day to day variation between themeasurements, the LSD (least sig-

nificant difference) value is presented. Letters indicate the sample’s statistical differ-

ence and the levels bearing different letters are significantly different (p< 0.05).

Figure 8. A representative SDS–PAGE gel of fresh and stored (41 days at 40°C) beers

1 and 2 pasteurized (P) and non-pasteurized (NP). All samples had been reduced. Mw

is the molecular weight marker and numbers refer to the molecular weight in kDa.

Storage stability of pasteurized non-filtered beer Institute of Brewing & Distilling

J. Inst. Brew. 2013; 119: 172–181 Copyright © 2013 The Institute of Brewing & Distilling wileyonlinelibrary.com/journal/jib

1
7
9



because the pasteurization was not sufficient to inactivate

the yeast protease. As opposed to our previous study (3), pas-

teurization had only a small influence on the protein composi-

tion in the present study, which may be due to several

reasons, such as a different brewhouse, different yeast strains

and different storage conditions. Based on the SDS–PAGE analy-

sis, it appears that the protein composition of beer 2 changed

more during storage than the protein composition of beer 1.

This correlates with a decrease in protein content (Fig. 5), as well

as with a decrease in Cu content, during storage of beer 2. Pas-

teurization, however, did not influence the protein composition

during storage as was previously found for a filtered beer (3).

Discussion

Pasteurized non-filtered beer gave a lower level of radical forma-

tion than non-pasteurized beer. Storage eliminated the initial

differences in volatile profiles induced by the pasteurization of

the beers. A slightly higher protein content was detected in

the pasteurized beers, but no effect on the protein composition

was found and only minor effects of pasteurization were

detected on Fe and Cu levels. This study shows that pasteuriza-

tion has an overall positive influence on the oxidative stability of

non-filtered beer, despite the formation of a number of Maillard-

related aroma compounds. This is in agreement with a previous

study of pasteurization of filtered beer (3).

Pasteurization is likely to initiate a number of reactions in the

beers, and in the current study this was the case for generation

of both Maillard reaction products and Strecker aldehydes,

which were found in increased concentrations in the fresh pas-

teurized beers. However, during storage, differences in volatile

profiles were eliminated. This elimination of these differences

may be influenced by the elevated storage temperature (40°C)

as the small differences between filtered pasteurized and non-

pasteurized beer previously were found to increase during stor-

age at 22°C (3). The difference in the results could be due to the

different storage conditions and the fact that filtered beers and

another yeast strain had been used. For foods, a temperature in-

crease in approximately 10°C often results in at least a doubling

of the rate of chemical reactions. Accelerated storage was ap-

plied in the current study to decrease storage time. However,

different reactions have different activation energies, and there-

fore the aging pattern of the beers at 40°C might be slightly dif-

ferent than when carried out at room temperature (26,34).

The current study and Lund et al. (3) show that pasteurization

limits the level of radical generation. The mechanisms behind

this effect are unknown, but it has been suggested that the dif-

ference between pasteurized and non-pasteurized beer was

mainly caused by a difference in the levels and the effects of

pro-oxidants (3). Trace levels of iron and copper have an impor-

tant catalytic role as pro-oxidants in beer. The binding of metals

by proteins and polyphenolic compounds, originating from malt

and hops, can affect the levels of iron and copper (21,29,30). Not

surprisingly, a significant difference in metal content and protein

composition was found between beers 1 and 2, as they were

produced with different yeast strains. Pasteurization did not in-

fluence the Fe and Cu levels, protein content and protein com-

position, in either the fresh or stored beer in this study. It was

previously found that pasteurized beer after storage (22°C for

426 days) had a protein content of approximately twice the

amount of non-pasteurized beer, along with a higher Fe content

and lower Cu (3). Generally only a minor change in protein

content during storage was found in the present study, which

correlates with the observed minor changes of Fe and Cu levels.

However, the minor changes in protein content and composi-

tion observed in the present study, compared with our previous

study (3), could also be due to the low protein content in

the present beers, hence making differences more difficult

to detect.

Thiols were oxidized during storage in all beers, suggesting

that they play an important role in the oxidative stability of beer

by consuming oxidizing species generated during storage. Pas-

teurization did affect the initial levels of thiols; however, the

rates of thiol oxidation were very similar in all of the beers and

were not affected by the pasteurization. The beers did not con-

tain sulphite, and the rates of oxidation of thiols were therefore

not affected by the potential regeneration of thiols by sulphite.

Hops were found to improve the oxidative stability of the wort

when the pro-oxidative effect of boiling was considered and this

was correlated with a decrease in Fe and Cu levels. Hops are

known for their antioxidative effect in wort and the current

study suggests, in accordance with previous studies (19,21,22),

that malt proteins and hop constituents bind metals and cause

their removal from the solution through precipitation during

the brewing process. The ability to bind metals is likely to be

an important part of the antioxidative effect of hops. Large

amounts of the metals were also removed during fermentation

by both yeast strains. Interestingly the high stress resistant strain

(yeast 2) gave beers with the lowest levels of iron and copper.

Conclusion

This study showed that pasteurization had a positive influence on

the oxidative stability of non-filtered pilsner beer. Pasteurized beer

gave a lower radical formation than non-pasteurized beer and

storage eliminated the differences in volatile profiles induced

by pasteurization. Fresh pasteurized beer contained some

Maillard-related volatile compounds and the fresh unpasteurized

beer contained slightly more alcohols and volatile ester com-

pounds. Slightly higher protein content was detected in the pas-

teurized beers, but no influence of pasteurization on the protein

composition was found. Only minor effects of pasteurization were

detected on thiol concentrations and on the concentrations of

pro-oxidative metals. The decreased oxidative stability observed

for both beers during storage correlated with the increased

amount of staling compounds, decrease in protein content, de-

crease in thiol levels and lack of sulphite.
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Quantification of protein thiols using ThioGlo 1

fluorescent derivatives and HPLC separation†

Signe Hoff,*a Flemming H. Larsen,a Mogens L. Andersena and Marianne N. Lundab

A method for quantification of total soluble protein-derived thiols in beer was developed based on the

formation of fluorescent adducts with the maleimide compound ThioGlo 1. The problem of interference

from fluorescent adducts of sulfite and ThioGlo 1 was solved by HPLC separation of the adducts

followed by fluorescence detection. Using standard addition of GSH, a detection limit of 0.028 mM thiols

was achieved. The application and validation of the method was demonstrated for beers with different

color intensities, and the application range is in principle for any biological system containing thiols.

However, the quantification of cysteine was complicated by a lower fluorescence response of its

ThioGlo 1 adducts. Based on the studies of the responses of a series of cysteine-derived thiols and 1H

NMR studies of the structures of ThioGlo 1 adducts with GSH and cysteine, it was concluded that thiols

with a neighboring free amino group yield ThioGlo 1 adducts with a reduced fluorescence intensity.

1 Introduction

The thiol group (–SH) of cysteine is easily oxidized by many

oxidants and radicals, and the rate of thiol oxidation in some

systems reaches diffusion controlled rates.1,2 Furthermore the

thiolate anion (RS!) is one of the strongest biological nucleo-

philes, and consequently, the thiol group of cysteine is one of

the most reactive functional groups in proteins.3 In cells, thiol

groups are implicated in the defense against oxidation, where

glutathione (GSH) represents the major low molecular weight

antioxidant, as well as being part of fundamental redox-

signaling systems.4,5 During oxidation of thiols, a number of

different oxidation products can be formed such as disuldes

and oxy acids (sulfenic, sulnic, and sulfonic acids). Disuldes,

which are oen the major product, can be reduced enzymati-

cally in cells6,7 and are involved in protein folding, regulation of

enzyme activity, redox cell signaling, and other biological and

biochemical functions.6,7 However, when the rate of oxidation

exceeds that of repair, a loss of thiols can be detected as

observed for various diseases, disorders, and cell ageing,

making thiols a quantitative marker for oxidative stress.8

Thiol oxidation has also been found to be of high relevance

in relation to food quality. For instance, the tenderness of meat

has been linked to the formation of disulde bonds in themajor

myobrillar protein, myosin,9 while in bread production disul-

de bond formation is critical for the strength of the dough and

its baking properties.10 In beer, the major antioxidant is

believed to be sulte, but recently, thiols have been suggested to

contribute to the antioxidant capacity in beer by removing

H2O2,
11,12 and the content of thiols has been shown to be

correlated with the oxidative stability of beer.13 Hence, under-

standing of the thiol redox status in relation to food quality is

gaining increasing interest in order to obtain high quality food

products with good avor and texture stability.

The most commonly applied method for thiol determination

is based on Ellman's derivatizing reagent, 5,50-dithiobis(2-

nitrobenzoic acid) (DTNB) with spectrophotometric detection of

the generated 5-thio-2-benzoic acid at 412 nm.14 A number of

other derivatizing agents has been used for sensitivity

improvement,15,16 but using this methodology for determina-

tion of thiols in beer is not straightforward. Some beers contain

relatively high concentrations of sulte produced by yeasts

during the fermentation process. Sulte reacts with the thiol-

derivatizing reagents providing similar signals to those of

thiols, and sulte therefore greatly complicates thiol determi-

nation in beer. Previously, we developed a method for thiol

determination in beer based on derivatization with ThioGlo 1, a

maleimide derivative of a naphthopyranone uorophore that

yields a uorescent adduct when reacted with thiols (Fig. 1).

Sulte gives rise to a uorescent ThioGlo 1 adduct with similar

spectral characteristics to those of the thiol–ThioGlo 1 adducts,

and the contribution to the uorescent signal from the sulte–

ThioGlo 1 adduct must be subtracted by using a separate

determination of the sulte concentration and a standard

addition curve based on sulte and ThioGlo 1.13 Recently, a

method for sulte quantication based on ThioGlo 1 derivati-

zation was developed, where the problem of interference from

thiols was solved by HPLC-separation of the ThioGlo 1
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adducts.17 In the present study the HPLC based method is

further developed to allow quantication of the level of total

soluble thiols. Cysteine was found to give lower responses than

other thiols, and the origin of this different behavior has been

linked to the structural features of the thiol molecules. The

method is applied here and validated for beer analysis, but it

should be easily adapted to any (biological) system where thiol

quantication may be complicated by the presence of sulte.

2 Materials and methods

2.1 Reagents and chemicals

A stock solution of ThioGlo 1 (10-(2,5-dihydro-2,5-dioxo-1H-

pyrrol-1-yl)-9-mehoxy-3-oxo-3H-naphthol [2,1-b]pyran-2-carbox-

ylic acid methyl ester) (2.6 mM, Covalent Associates Inc.,

Woburn, MA) was prepared by dissolving 5.00 mg ThioGlo 1 in

5.07 mL anhydrous acetonitrile (Sigma-Aldrich, St Louis, MO).

The solution was kept anhydrous during storage by adding

dried molecular sieves (0.3 nm, Metrohm Ltd., Herisau,

Switzerland), and the solution was stored at 4 #C and protected

from light.2 A buffer solution (tris-buffer) was made with 0.25 M

tris(hydroxymethyl)aminomethane (Merck, Darmstadt,

Germany) and the pH was adjusted to 7.5 with hydrochloric acid

(HCl, 37%, Sigma-Aldrich, Steinheim, Germany). The tris-buffer

was treated with nitrogen gas to preserve it. Stock solutions of

glutathione (GSH, Sigma-Aldrich, Steinheim, Germany) and

sodium sulte (J.T. Baker, Deventer, Holland) were freshly

prepared every day in Milli-Q water, kept cold, and subsequently

diluted to 2.0 mM and 7.81 mM (0.50 mg L!1), respectively, in

0.25 M tris-buffer (pH 7.50). ThioGlo 1 solution was diluted

1 : 100 with tris-buffer to a concentration of 26 mM just prior to

use. GSH, cysteine (Merck, Darmstadt, Germany), cysteine ethyl

ester (Sigma-Aldrich, Steinheim, Germany), homocysteine

(Sigma-Aldrich, Steinheim, Germany) and N-acetyl cysteine

(Sigma-Aldrich, Steinheim, Germany) were used for calibration

curves. 1-Octanol (>99.5%, Fluka, Buchs, Switzerland) was used

as a foam controller. Milli-Q water from a Q-plus purication

system was used for standard solutions and mobile phases

(Millipore Corp., Bedford, MA). Methanol (>99.9%, Merck,

Darmstadt, Germany) was of analysis grade and acetonitrile

(>99.9%, Sigma-Aldrich, St Louis, MO) was of HPLC-gradient

grade. Triuoroacetic acid (TFA, >99.8%, Merck, Darmstadt,

Germany) was of spectroscopy grade.

Beer A was an all-malt bock-type of lager beer (bottle, 7.2%

alcohol). Beer B was a brown ale (bottle, 4.7% alcohol). Both

beers were obtained from local shops.

2.2 Sample derivatization for the HPLC method

The method for quantication of thiol groups in beer was based

on the recently developed method for quantication of sulte in

beer.17 Beer was opened immediately before analysis, degassed by

magnetic stirring for exactly 5 min with addition of 0.01%

1-octanol to avoid foaming, and diluted 10 times in tris-buffer

(pH ¼ 7.50). GSH was added as a 2.0 mM stock solution in tris-

buffer and the total volume was adjusted to 100 mL with tris-

buffer providing the nal added concentration in the range of 0.1

to 0.5 mM. 100 mL of 26 mM ThioGlo was added to each sample

(diluted just before use in 0.25 M tris buffer (pH 7.50) to avoid

hydrolysis) and incubated for exactly 5 min at room temperature.

The reaction was quenched by adding 10 mL concentrated HCl,

and the samples were transferred to brown HPLC vials with 200

mL inserts and closed. Linear standard addition calibration

curves from GSH addition were prepared from the obtained

peaks for each beer sample and used for thiol quantication. A

blank sample of only ThioGlo 1 and tris-buffer (pH 7.5) was run

in parallel on each day and subtracted from the standard addi-

tion curves to compensate for background uorescence from

ThioGlo 1. The nal dilution factor of beer was 1 : 105 and the

concentration of ThioGlo 1 was approximately 13 mM.

Sample derivatization concerning quantication of sulte

was carried out as described for thiol quantication using

standard addition calibration curves based on sodium sulte.17

2.3 Instrumentation and chromatographic conditions

An Agilent 1100 Series liquid chromatographic system consist-

ing of a model G1312A binary pump, a G1379A vacuum degas-

ser, a G1313A autosampler, a G1321A uorescence detector, and

an Agilent ChemStation data handling program (Agilent Tech-

nologies Inc., Palo Alto, CA) was used. Separation was per-

formed on a Jupiter C18 (150 % 2.0 mm, 5 mm particle size, 300

Å pore size) column (Phenomenex, Torrance, CA). Water

(mobile phase A) and methanol (mobile phase B) were both

acidied with equal amounts of TFA (pH 2.0, 10 mM). The

gradient was held at 25% B for 8 min (isocratic), instantly

increased to 95% B and kept at 95% B for 6 min. The mobile

phase conditions were then returned to starting conditions and

re-equilibrated for 7 min resulting in a total run time of 21 min.

The injection volume was 20 mL. The ow rate was 0.5 mL

min!1, and detection was performed at an excitation wave-

length of 242 nm and an emission wavelength of 492 nm. The

area of the bulk peak of co-eluting thiol-containing peptides

and proteins was used for the determination of thiols. Thiols

were quantied as GSH equivalents.

Fig. 1 Reaction between ThioGlo 1 and thiol (R–SH) or hydrogen sulfite (HSO3
!)

yielding a fluorescent adduct.
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2.4 Thiol quantication using ThioGlo 1 in a microtiter plate

Quantication of thiols using microtiter plates was carried out

according to Lund and Andersen13 by preparing two standard

addition curves based on GSH and sulte, respectively. Sulte

was quantied externally by the HPLC method described by

Abrahamsson et al.17 The contribution of sulte to the uores-

cence signals from the beer was subtracted based on the

amount of externally quantied sulte and the standard addi-

tion curve based on sodium-sulte. For experiments testing the

inuence of SDS on the reaction between ThioGlo 1 and thiols,

1% SDS was added to 0.25 M tris-buffer (pH ¼ 7.5).

2.5 Thiol quantication using Ellman's reagent, DTNB

Quantication of thiols using Ellman's reagent, DTNB, was

carried out with standard addition curves of both GSH and

sodium sulte with beer, similar to the experiments using the

microtiter plate method, however, the beer was diluted only 12

times. Based on the method described by Jongberg et al.,18 the

analysis was carried out by mixing 250 mL of sample, 1.00 mL of

0.25 M tris buffer (pH 7.5), and 250 mL of 10 mM DTNB dis-

solved in 0.25 M tris buffer (pH 7.5). The mixture was protected

against light and allowed to react for exactly 30 min, and

absorbance was measured at 412 nm. Blanks without DTNB and

blanks without sample were prepared, and the blank values

were subtracted from the sample values.

2.6 1H NMR experiments

Reaction solutions of ThioGlo 1 with cysteine or GSH were

analyzed in the nal concentration of 1 mM reacting 1 : 1. NMR

measurements were performed on a Bruker Avance DRX 500

spectrometer operating at 500.13 MHz for 1H using a double-

tuned BBI probe equipped for 5 mm (o.d.) sample tubes. The

spectra were recorded at 10 #C on a mixture of 495 mL sample

(made from ThioGlo 1 stock solution mixed with either cysteine

or GSH in 0.25 M tris buffer) and 55 mL D2O (containing 5.8 mM

TSP-d4). All spectra were recorded using a recycle delay of 5 s

(during which the water resonance was pre-saturated), an

acquisition time of 1.64 s, a spectral width of 10 kHz and 8

scans. Chemical shis were referenced to TSP-d4 at 0.0 ppm.

3 Results and discussion

3.1 HPLC separation of ThioGlo 1 adducts and thiol

quantication

ThioGlo 1 is a maleimide derivative of naphthopyranone uo-

rophore that yields a uorescent adduct upon reaction with

thiols or sulte (Fig. 1). The HPLC separation of ThioGlo 1

adducts was based on the method for sulte quantication,

described by Abrahamsson et al.,17 resulting in baseline sepa-

ration of two sulte derivatives and elution of thiol-containing

peptide- and protein-derivatives within one single peak

enabling quantication of the total amount of thiols (Fig. 2). A

matrix effect for quantication of ThioGlo 1 adducts was

observed,13 and it was found to be driven by the presence of

sulte. However, the standard addition procedure, described by

eqn (1), was applied in this study for two reasons: (1) since the

standard addition procedure is necessary during sulte quan-

tication, it was also applied for thiol quantication, and (2) for

quantication of thiols in beers with different colors, an inner

lter effect will cause the ThioGlo 1 adduct to be insufficiently

excited in dark beers compared to light beers. The standard

addition procedure can be described by eqn (1):

½X'i
½S'f þ ½X'f

¼
Ix

Isþx

(1)

[X]i is the unknown initial concentration of the analyte, with the

signal intensity IX. [S]f is the known (nal) concentration of the

standard, and IS+X is the signal observed for the solution con-

sisting of the solvent and the analyte. The diluted unknown

(nal) concentration of the analyte is [X]f. Application of the

standard addition procedure makes it possible to determine

and compare thiol contents in both light and dark samples,

which is highly relevant in beer studies. The thiol content was

quantied based on the standard addition of GSH and is

therefore expressed in terms of the equivalent GSH concentra-

tion. The beer subject to analysis was spiked with 4 different

concentrations of GSH and each reaction was quenched with

HCl, 5 minutes aer initiation of the reaction with ThioGlo 1.

For each determination, the background signal from ThioGlo 1

and tris buffer (pH 7.5) was measured and subtracted (Fig. 3).

The tris-buffer (pH 7.5) was found to be unstable over time,

resulting in an increased background signal from the blank

sample. However, by purging the tris-buffer solution with

Fig. 2 Chromatogram of beer A before and after spiking with GSH.
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nitrogen gas (N2), carbon dioxide (CO2) or even atmospheric air,

the buffer remained stable with a low background over extended

periods. The possible interference of iron was also investigated,

but the addition of iron salts had no inuence on the buffer

stability and background signal.

Thiols are very sensitive to oxidation, and once the beer

bottle is opened to the air, the thiols start to oxidize at accel-

erated rates. Therefore, handling of the beers from the opening

of the bottle until the initiation of the reaction with ThioGlo 1

should be highly standardized, including a minimum of oxygen

exposure until the derivatisation step.

3.2 Method validation

Determination of LOD and LOQ was based on the standard

deviation of the response (n ¼ 10) and slope.19 Beer with Thio-

Glo 1 added but without standard was injected 10 times, and the

standard deviation of the response was based on the integrated

thiol HPLC peak, resulting in a LOD of 0.028 mM and a LOQ of

0.085 mM (Table 1). Further method validation was based on beer

from different bottles, but from the same batch of brew. The

accuracy, expressing the degree of consistency between the

measured and the actual concentration in the sample, based on

the average recovery of the spiking with 5, 10, 20 and 25 mM of

GSH to beer was 117% for beer A and 104% for the dark colored

beer B (Table 1).

Determination of repeatability was performed on different

days since it was not possible for practical reasons to prepare and

analyze standard addition curves for 6 beers on the same day.

Stock solutions of GSH and sulte were freshly prepared every

day. For each bottle, both sulte and thiols were quantied and

repeatability was determined for both sulte and thiols. The

Relative Standard Deviation (RSD) value of the thiol quantica-

tion was 9.87% and the RSD value for the sulte quantication

was 10.5% (Table 2). Abrahamsson et al.17 found that sulte could

be determined with a high precision of 2.6 RSD% using matrix

matched standard addition calibration curves. Therefore the

larger RSD value, observed in this study, is likely to be caused by a

variation in sulte content in the beers. As the sulte content

varies between the bottles, it seems likely that also the thiol

content is varying. Therefore, the repeatability determination of

the thiol content in beer A contains the variation between the

bottles, as well as the variation caused by the method.

3.3 Comparison of HPLC and plate methods

Amethod for thiol determination in beer carried out inmicrotiter

plates using the standard addition procedure and uorescent

detection with ThioGlo 1 was published by Lund and Andersen.13

As both sulte and thiols react with ThioGlo 1, application of this

method requires that the sulte content of the beer is known, in

order to be able to subtract the contribution from the ThioGlo–

sulte adduct to the uorescence signal. Beer A was analyzed in

triplicate using the plate method, resulting in an RSD of 28.5%

and the average thiol content close to the value detected by the

HPLCmethod (Table 2). The fact that the sulte content needs to

be determined separately is a major disadvantage of thismethod.

Furthermore, the sulte concentration in some beers is up to ca.

10 times larger than the thiol concentration, and sulte therefore

contributes greatly to the total uorescent signal. As can be seen

from Table 2, beer A had an average thiol concentration of

28.2 mM, whereas the sulte concentration was 210.6 mM

(13.5 mg L!1), i.e. 7.5 times larger. Therefore, a small relative

change in sulte content results in a large variation in the thiol

quantication and introduces an uncertainty to the result. In

addition to the potential variation in the sulte content in beers

used in the current study and the fact that the sulte is respon-

sible for a large part of the signal, there is a larger variation in the

plate method compared to the HPLC method. However, the

result from the plate method shows relatively good compliance

with the result from the HPLCmethod, conrming that the thiols

all enter the detector and are not trapped in the column.

3.4 Thiol determination in beer using DTNB

The most commonly used method for thiol determination is

based on Ellman's derivatizing reagent, DTNB, with spectro-

photometric detection at 412 nm of the released thiolate ion

upon reaction with thiols.14 As observed for ThioGlo 1, DTNB

Fig. 3 Standard addition curve of beer A spiked with 4 different concentrations

of GSH, showing the standard addition curve with and without correction for

background from ThioGlo 1.

Table 1 Limit of Detection (LOD) and Limit of Quantification (LOQ) based on 10

injections and the slope and accuracy, based on the average of the addition of 5,

10, 20 and 25 mM GSH

Beer A Beer B

Accuracy 117% 104%

LOD n ¼ 10 0.028 —

LOQ n ¼ 10 0.085 —

Table 2 Precision of the methods for quantification of thiols by HPLC and in

microtiter plates, and of sulfite determined by HPLC in beer A

Average (mM) RSD (%)

Thiols, HPLC method (n ¼ 6) 28.2 ) 2.8 9.87

Thiols, microtiter plate method (n ¼ 3) 25.8 ) 7.4 28.5

Sulte, HPLC method (n ¼ 7) 210.6 ) 21.9 10.5
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also reacts with both sulte and thiols, and correction for the

sulte content is required in order to quantify the thiols.

Spectrophotometric detection is much less sensitive than

uorescence detection and the DTNB method has been

reported to be unreliable for concentrations below 3 mM.20 In

the present study the detection limit using ThioGlo 1 was 0.028

mM resulting in a more than 100 times increased sensitivity

compared to the DTNB method. Wright and Viola21 studied

thiol detection using both DTNB and ThioGlo 1 and demon-

strated that the detection limit for the DTNB method could be

decreased to 0.3 mM by converting it to a titration method and

found a detection limit of 0.01 mM when using ThioGlo 1. In

the current study, experiments were carried out to test the

compatibility between the DTNB and the ThioGlo 1 method.

However, results from the DTNB method showed a thiol

content close to zero and with a rather large variation between

the two repetitions (see ESI†). This is most likely explained by

the fact that the contribution from the thiols is too small

compared to the contribution from sulte, the background

signal from DTNB, and the background signal from the beer.

Furthermore, quantication of thiols in dark beers may

complicate the measurement even with the standard addition

procedure due to higher background absorption from the beer.

Therefore, the DTNB method is not suitable for quantication

of thiols in beer containing sulte.

3.4.1 Inuence of SDS. The thiol determination based on

DTNB typically includes a denaturing agent such as Sodium

Dodecyl Sulfate (SDS) in the buffer with the purpose of

improving the accessibility of the thiols to DTNB by unfolding

the protein. The inuence of SDS was rst investigated in the

DTNB assay, where it was found to have a positive inuence on

the amount of thiols quantied in beer. But, as described in

Section 3.4 the low sensitivity of the DTNB method still resulted

in a thiol content close to the detection limit. SDS is not

compatible with the current HPLC separation, and the inu-

ence of SDS on the ThioGlo 1 assay was therefore tested using

themicrotiter plate method.13 SDS did not result in an increased

detection of thiols (Fig. 4A). In contrast, it resulted in a slight

decrease in the detected level of thiols possibly caused by the

negative inuence SDS has on the sulte standard addition

curve (Fig. 4B). The sulte standard addition curve prepared in

the presence of SDS had a very low uorescence intensity. This

may be explained by the generation of SDS-micelles that may

trap ThioGlo 1 and thereby make it unavailable for reaction with

the water-soluble sulte. The reason why SDS inuenced thiol

determination when using DTNB, and not ThioGlo 1, may also

be explained by the difference in solubilities of the derivatizing

agents. DTNB is a more hydrophilic molecule and it therefore

requires protein unfolding by denaturing agents to get access to

the more hydrophobic areas of proteins. Addition of denaturing

agents is not necessary for ThioGlo 1 due to its larger hydro-

phobic areas. In agreement with this observation, Wright and

Viola21 found the derivatization with ThioGlo 1 to be rapid, also

with thiols that were only partially accessible. Furthermore, due

to the boiling step in the brewing process, beer proteins are

likely to be denaturated to a certain degree22 and thiol groups in

beer are therefore likely more accessible to ThioGlo 1. Based on

these results it can be concluded that SDS does not have a

positive inuence on the quantication of thiols using Thio-

Glo 1 and most likely a negative inuence on the detection of

the sulte–ThioGlo 1 adduct. Thiol quantication using Thio-

Glo 1 is therefore carried out without SDS.

3.5 Fluorescence intensity of cysteine–ThioGlo 1 adducts

Attempts were also made to use cysteine instead of GSH for

constructing standard addition curves. However the slopes of

the linear standard curves were smaller when cysteine was used,

demonstrating a lower uorescence intensity of the cysteine–

ThioGlo 1 adducts (Fig. 5). The difference between the signal

intensity of GSH–ThioGlo 1 adducts and cysteine–ThioGlo 1

adducts was further examined by generating ThioGlo 1 adducts

with three structurally similar small thiol compounds (Fig. 6).

The response of N-acetyl cysteine, which has a blocked amino-

group, yielded the same slope of the standard curves made with

GSH. Homocysteine, which has a longer thiol-side chain than

cysteine, yielded a slightly lower slope than GSH, whereas

cysteine ethyl ester, which has a blocked carboxylic acid group,

gave a similar response to that of cysteine. As GSH and N-acetyl

cysteine gave the same uorescence intensity, this illustrates

that the interference is likely to be caused by the free amino

group. In the GSH molecule, the free amino group is located far

from the thiol group and does not cause a problem for the

binding to the ThioGlo 1 molecule. Furthermore, the signal

from homocysteine is closer to the signal from GSH, and the

signal from cysteine ethyl ester is the same as the signal from

Fig. 4 Background corrected standard addition curves of beer A spiked with

GSH (A) and sulfite (B) with and without SDS determined by the microtiter plate

method using ThioGlo 1. Values are given as means and standard deviation is

shown by error bars (n ¼ 2).
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cysteine, explained by the fact that the amine is closer to the

thiol group in cysteine ethyl ester than in homocysteine. Based

on the molecular structure of the thiol compounds, the uo-

rescence intensity seemed to decrease when the free amino

group was close to the thiol group. Thus proteins and peptides

are expected to give the same response as GSH, unless cysteine

is found as the N-terminal amino acid. Ercal et al.23 studied the

related probe ThioGlo 3 with derivatization in a 75% acetoni-

trile solution and found good agreement between standard

curves prepared with cysteine and GSH. Inspired by this, an

experiment using ThioGlo 1 was carried out with cysteine and

GSH where the derivatization was carried out in 100% aceto-

nitrile. However, this did not result in better agreement between

the uorescence responses of the two thiol–ThioGlo 1 adducts,

proving that the differences are not caused by a solvent effect

(data not shown).

3.5.1 Investigation of the reaction mechanisms using 1H

NMR. A more detailed study of why cysteine–ThioGlo 1 adducts

give lower uorescence intensities than GSH–ThioGlo 1 adducts

was carried out using 1H NMR. All compounds were mixed at

the same molar concentration (1 mM). Initially 1H NMR spectra

of cysteine, GSH and ThioGlo 1 were recorded individually.

Focusing on the reaction mechanisms, the aromatic and

methoxy hydrogens were of particular interest and in the 1H

NMR spectra of cysteine and GSH none of these functional

groups were present (data not shown). The reaction products

between cysteine, GSH and ThioGlo 1 were studied (1) aer the

reaction was inactivated with HCl, 5 minutes aer activation,

matching the HPLC procedure; and (2) aer the compounds

had been mixed directly in the NMR tube. The latter procedure

allowed the cysteine–ThioGlo 1 spectrum to be recorded 5 min

and 45 s aer the compounds were mixed and the GSH–Thio-

Glo 1 spectrum to be recorded 4 min and 45 s aer the

compounds were mixed. Recording of NMR spectra every

minute the following hour showed that the reaction was

complete aer the rst measurement. In both cases the disap-

pearance of the resonance at 7.3 ppm demonstrates that either

Fig. 5 Standard curves of 5 thiol compounds prepared in buffer (no beer

added). Values are given as means and standard deviation is shown by error bars

(n ¼ 4).

Fig. 6 Molecular structure of the 5 thiol compounds used for the standard

curves presented in Fig. 5.

Fig. 7 Selected regions of the 1H NMR spectra of ThioGlo 1, cysteine–ThioGlo 1

adduct and GSH–ThioGlo 1 adduct with and without HCl (after 5 min). The

spectra have been normalized vertically relative to the most intense methoxy

resonance (3.82–4.20 ppm).
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cysteine or GSH reacts with the double bond in the maleimide

ring of ThioGlo 1 (Fig. 7).

Further analysis of the 1H NMR spectra requires assignment

of the individual resonances. Two resonances at *3.97 ppm

(denoted A) and *3.86 ppm (denoted B) in the ThioGlo 1

spectrum are assigned to the methoxy group attached to the

aromatic ring and the methoxy group attached to the carbonyl

group. The present data do not allow for a unique assignment of

the methoxy resonances, but methoxy resonances having a

chemical shi above 3.96 ppm will be categorized as A in the

following. Likewise, will methoxy resonances with a chemical

shi below 3.96 ppm be categorized as B. In Table 3 the relative

ratios of both methoxy resonances and resonances from two

aromatic protons in the spectral range 8.2–8.5 ppm are tabu-

lated along with the relative ratios of the two types of methoxy

resonances. In unreacted ThioGlo 1, the ratio of these integrals

should be 6 : 2 (6 hydrogens from two methoxy groups versus

two aromatic hydrogens) and the twomethoxy groups should be

in a 1 : 1 ratio, and that is approximately what is observed. Due

to severe line broadening in the spectrum of GSH–ThioGlo 1

without HCl, it is not possible to compare its methoxy ratios

with those of cysteine–ThioGlo 1, but the corresponding spectra

containing HCl can be compared. This comparison demon-

strates that two different reaction mechanisms are adopted. For

cysteine–ThioGlo 1 the integral of both methoxy groups is

approximately 3 times the integral of the two aromatic protons,

as expected for a complete reaction, whereas a slightly lower

ratio (*2.33) was obtained for the GSH–ThioGlo 1 adduct. In

contrast, the relative ratio of methoxy resonances was 46 : 54 for

cysteine–ThioGlo 1 and 61 : 39 for GSH–ThioGlo 1. This indi-

cates different reaction pathways, which is also supported by

larger line widths in the spectrum of GSH–ThioGlo 1 without

HCl, indicating a more dynamic system. Furthermore, the

spectrum of cysteine–ThioGlo 1 with HCl contains at least four

methoxy resonances, indicating at least three type A methoxy

populations of ThioGlo 1 derivatives, while the spectrum of

GSH–ThioGlo 1 with HCl contains two main resonances, indi-

cating only two highly populated methoxy sites. These obser-

vations showing different reaction pathways for GSH and

cysteine are likely to explain the decreased uorescence inten-

sity observed for cysteine–ThioGlo 1 compared to the GSH–

ThioGlo 1 adduct. Sharov et al.24 investigated the reaction

between cysteine residues in the protein, calmodulin, and

ThioGlo 1 by a proteomic approach and their results show that

up to six reaction compounds were formed by hydrolysis and an

opening of the maleimide ring occurred together with a release

of the methoxy group from ThioGlo 1, resulting in a loss of

methanol. In a study by Abrahamsson et al.,17 two sulte–Thi-

oGlo 1 derivatives were formed by hydrolysis and an opening of

the maleimide ring occurred, which was identied by MS. The

release of methanol from ThioGlo 1 as shown by Sharov et al.24

could not be conrmed by the present study – either due to very

low abundance and/or overlap from very intense buffer reso-

nances in this chemical shi region.

These results show that the decreased uorescence intensity

observed from the cysteine–ThioGlo 1 adduct, and most likely

other ThioGlo 1 adducts with thiols having an amine group very

close to the thiol group, is caused by different reaction pathways

or reaction products than other thiol compounds. This may

result in an underestimation of the thiol content in any bio-

logical system containing free cysteine when ThioGlo 1 is used

as the derivatising agent and the standard addition curves are

based on GSH. Regarding beer, the concentration of cysteine

will vary with malt, mashing method, yeast strain and age.

However, it has been found that sweet wort, a product from the

early stage of beer brewing, did not contain any reduced

cysteine thiols as they are easily oxidized by other components

in the sweet wort.25 Some of the cysteine may be reduced during

the fermentation process and Matsui et al.26 found the amount

of free cysteine in beer to be on average 5.8 mg L!1 corre-

sponding to 47.7 mM, of which 4.5 mM was in the reduced form.

This amount of reduced cysteine may be large enough to cause a

minor interference with the current method. To distinguish the

thiol-contribution from cysteine compared to the contribution

from other thiols chromatographic separation of cysteine–Thi-

oGlo 1 adducts from the bulk thiol peak on the HPLC chro-

matogram could be a possible way.

4 Conclusion

This paper describes an HPLC method for quantication of the

total level of thiols based on reaction with ThioGlo 1 in beer

when there is interference from the presence of sulte. Both

sulte and thiols react with the ThioGlo 1 reagent, but the

present HPLC method enables separate determinations of

sulte and thiol quantication simultaneously in the same

system. Additionally the present method is 100 times more

sensitive than the commonly used DTNB based method, which

Table 3 Relative integrals of 1H NMR resonances from methoxy groups and selected aromatic hydrogens (8.2–8.5 ppm) in percent (%)a

Sample Methoxy (%)

Methoxy-A

(%)

Methoxy-B

(%)

Relative ratio

of methoxy resonances (%)

Aromatic (%)

(8.2–8.5 ppm)

ThioGlo 1 72 37 35 51 : 49 28

Cysteine + ThioGlo 1 (quenched with HCl) 75 35 40 46 : 54 25

Cysteine + ThioGlo 1 (5 min 45 s aer mixing) 71 30 41 42 : 58 29
GSH + ThioGlo 1 (quenched with HCl) 70 43 27 61 : 39 30

GSH + ThioGlo 1 (4 min 45 s aer mixing) 69 n.a. n.a. n.a. 31

a n.a.: not applicable.
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was found to be unsuitable for quantication of thiols in beer

containing sulte. ThioGlo 1 shows high accessibility to thiols

and no protein unfolding agent such as SDS is needed. Appli-

cation of the standard addition procedure makes it possible to

determine and compare the thiol content in samples with

different color intensities, which is highly relevant when

working with different beer types. However, a lower uores-

cence intensity was detected from cysteine–ThioGlo 1

adducts, most likely due to interference from the amine group

located close to the thiol group, which results in underestima-

tion of the thiol concentration in samples containing (high

amounts of) reduced cysteine. 1H NMR studies showed that the

reaction pathway and the number of reaction products formed

between cysteine and ThioGlo 1 compared to GSH and Thio-

Glo 1 were different, explaining the different uorescence

intensities.
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Af Signe Hoff, Birthe M. Jespersen, Marianne 
N. Lund og Mogens L. Andersen, Institut for 
Fødevarevidenskab, Københavns Universitet

Tilstedeværelsen af naturlige thiolholdige proteiner i den 
færdige øl kan gøre øllet mere smagsstabilt pga. den mulige 
antioxidative effekt af redox-aktive thiolgrupper. 

Varme, lys og ilt er alle vigtige faktorer, der fremmer oxida-
tion og begrænser smagsstabiliteten og dermed øllets holdbar-
hed. Smagen af gammelt øl er kompleks, og mange forskellige 
typer oxidative reaktioner kan resultere i dannelse af afsmag 
(figur 1). Især lipidoxidation og dannelsen af trans-2-nonenal 
er blevet gjort ansvarlig for smagen af gammelt pilsnerøl med 
dens papagtige smag og lugt. 

Forholdet mellem prooxidanter og antioxidanter er afgørende 
for øllets smagsstabilitet. 

Protein-thioler og stabilitet af øl

Det færdige øls mikrobielle holdbarhed var tidligere en af de største 
udfordringer i forbindelse med ølbrygning. I dag er de mikrobielle 
udfordringer imidlertid under kontrol, og opmærksomheden er rettet 
mod fremstilling af øl, der har en stabil høj kvalitet i længere tid efter 
tapning. 

n BIOTEKNOLOGI
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Prooxidanterne fremmer oxidation, mens antioxidanterne mod-
virker oxidation. Når antioxidanterne er brugt op, får prooxi-
danterne frit spil til at starte de oxidative kædereaktioner, der 
ender med dannelse af uønskede kemiske smagsforbindelser. 
En øget mængde af antioxidanter vil kunne modvirke disse 
oxidative processer og bevare den høje kvalitet i længere tid. 

HSO
3

-  +  H
2
O

2
     HSO

4
-  +  H

2
O           (1)

Thioler antages at kunne katalysere reaktionen mellem sulfit 
og hydrogenperoxid (figur 3). I stedet for sulfit er det en thiol, 
der reagerer med hydrogenperoxid, hvorved der dannes en 
sulfensyre under frigivelse af vand. Derefter dannes et blandet 
disulfid mellem den meget reaktive sulfensyre og en anden 
thiol. Til sidst reagerer sulfit med disulfidet og gendanner den 
oprindelige thiol. 

Danske enzymer til dansk bio-tek

Ampliqon A/S er dansk producent af DNA 

polymeraser og reagenser. 

Ampliqon tilbyder kvalitets enzymer og 

bufferløsninger til bl.a. PCR, qPCR  

og high fidelity PCR.

Kvalificerede og engagerede medarbejdere står klar 

til at yde hjælp med problemløsning og udarbejdelse 

af brugertilpassede enzym-mix.

Som dansk producent kan Ampliqon  

tilbyde danske kunder høj  

kvalitet og kort leveringstid  

til attraktive priser.
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Ved Institut for Fødevarevidenskab har vi i længere tid arbejdet 
med hypotesen om, at de naturligt forekommende thioler virker 
som antioxidanter i øl. Denne forskning er sket i samarbejde 
med mikromalter og mikrobrygger Per Kølster (KØLSTER 
malt og øl), brygmester William Frank, Grauballe Bryghus 
samt Novozymes A/S. For rationelt at kunne udnytte thiolerne 

til at øge øllets kvalitet kræves en grundlæggende forståelse af 
de mange oxidative mekanismer, der finder sted under brygge-
processen (figur 2). 

Sulfit, der bliver udskilt af gæren under fermenteringen, er 
den vigtigste antioxidant i øl. Sulfit reagerer med hydrogen-
peroxid (reaktion 1), der er en af de vigtigste precursorer for 
dannelsen af radikaler. 

Figur 1. Skitse over udviklingen af afsmag dannet under lagring i 
lyse øl [9].

Figur 2. Brygprocessen.

Figur 3. Hypotesen hvorved thioler indgår i den antioxidative 
kædereaktion med sul#t.

Figur 4. Separation af sul#t og thiol på HPLC-kolonne. ThioGlo 1 
binder sul#t stereoisometrisk, hvilket resulterer i to sul#ttoppe. Alle 
thioler eluerer i samme top.
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Metoder
Den mest anvendte metode til thiolbestemmelse er baseret på 
Ellmans reagens, DTNB1 og spektrofotometrisk detektion. Den 
store udfordring ved kvantificering af thioler i øl er tilstede-
værelsen af sulfit. Sulfit reagerer nemlig også med DTNB og 
danner den samme kromofor som thioler. Ved brug af DTNB i 
øl vil man derfor få et samlet bidrag fra thioler og sulfit. 

For at kunne lave en sikker kvantificering af thioler i øl har vi 
udviklet en metode baseret på det fluorescerende thiolreagens 
ThioGlo 1 [1,2]. ThioGlo 1 danner addukter med både thiol 
og sulfit, der fluorescerer ved samme bølgelængde, men som 
kan adskilles vha. HPLC-separation (figur 4). ThioGlo 1-me-
toden er ca. 100 gange mere følsom end DTNB-metoden. Ved 
at anvende standard-additionsprincippet er det muligt at bruge 
metoden til bestemmelse af thioler og sulfit i øltyper, der spæn-
der fra meget lyse pilsnere til meget mørke portere og stouts.

Thioler igennem brygprocessen
Thiolindholdet varierer indenfor bygsorter og derfor også 
indenfor malttyper. Derudover påvirker udførelsen af selve 
mæskeprocessen også indholdet af de oxidationsfølsomme 
thioler. Thioloxidation og dannelse af disulfidbindinger mellem 

proteiner under mæskningen medfører nedsat filtreringshastig-
hed af urten. Nedsat filtreringshastighed er problematisk i in-
dustriel produktion af øl, og det er derfor allerede i den tidlige 
brygfase vigtigt at holde thiolerne på deres reducerede form 
- både for at bevare deres antioxidative effekt og for at undgå 
længere filtreringshastighed. Thiolindholdet i urten er særlig 
følsomt overfor tilgængeligheden af oxygen under mæskningen, 
og udføres mæskningen under atmosfæriske forhold oxideres 
alle thioler. Større bryggerier mæsker i lukkede systemer, mens 
mæskning med adgang til atmosfærisk oxygen finder sted på 
mange mikrobryggerier.

Sød urt viste sig at have en thioloxiderende effekt, som har 
oprindelse i malten. Øget maltristning resulterede i et fald i 
den thioloxiderende effekt i sød urt (figur 5, A), mens effekten 
forsvinder under urtkogningen (figur 5, B). Det virker derfor 
sandsynligt, at thioloxidationen i sød urt er forårsaget af et 

Figur 5. 
A: Standard-additionskurver med cystein (0-20 µM thiol) tilsat sød 
urt fremstillet af malt med stigende ristningsgrad (EBC er et farve-
mål, der udtrykker ristningsgraden). 
B: Standard-additionskurver med cystein (0-20 µM thiol) tilsat sød, 
kogt og humlet urt. Mængden af cystein, der ikke er oxideret 
af den thioloxidative effekt måles som %uorescensintensitet af 
cystein-ThioGlo 1 addukter. Øget maltristning fører til nedsat thiol-
oxidation, og urtkogning eliminerer thioloxidationskapaciteten. 

Figur 6. Principal Component Analysis (PCA) af 11 lagrede øl 
(B1, B3-B12), som viser, at thiolindhold, sul#tindhold og øllets 
holdbarhed (lag phase), målt med electron spin resonance 
(ESR) spektroskopi, er korrelerede. 

enzym, der kan inaktiveres ved høj varme. På trods af denne 
thioloxiderende effekt kan der stadig detekteres reducerede 
thioler i sød urt. Det skyldes, at den thioloxiderende effekt 
primært påvirker lavmolekylære thioler [3,4]. 

n BIOTEKNOLOGI

1) 5,5’-dithiobis(2-nitrobenzoic acid)
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De thioler, der findes i det færdige øl, kan være overført fra 
urten, være dannet ved reduktion af disulfider under fermen-
teringen eller være frigivet fra gæren. Både selektion af råvare 
samt minimering af ilt under brygprocessen kan være afgø-
rende for thiolernes tilstedeværelse i øllet. Ved en screening af 
12 kommercielle danske øl blev der ikke kun fundet en relativ 
stor variation mellem thiolindholdene i forskellige øltyper, men 
også en variation mellem forskellige batches af samme øl [5]. 
Samme screening viste, at thiolindholdet i øllene korrelerede 
med sulfitindholdet og øllenes holdbarhed, der blev vurderet 
vha. accelererede ældningsforsøg (figur 6).

Forskellig gær udskiller varierende mængde af thioler, og 
positiv selektion kan potentielt være gavnligt for stabiliteten. 
Under lagring falder sulfitindholdet lineært over tid i takt med, 
at den forbruges som antioxidant i forebyggelse af oxidative 
reaktioner [6]. Thiolindholdet derimod ser ud til kun at falde 
lineært i den første del af lagringsperioden, hvorefter tabet af 
thioler stagnerer [7]. Det tyder derfor på, at kun en del af thio-
lerne i øl er vigtige ift. øllets holdbarhed. 

Den formodede antioxidative effekt af thioler er også aktuel 
i andre fødevarer som f.eks. mælkeprodukter, hvor der også 
forskes i thiolernes betydning. I kød har man fundet, at thiol-
oxidation og dannelse af disulfidbindinger resulterer i at kødet 
bliver sejt [8]. 

E-mail: Signe Hoff: hoff@life.ku.dk 
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Nyt om …  

… Itakonsyre beskytter 
hjernen

Itakonsyre (methylenbutandisyre), hvis navn er et anagram af 
akonitsyre, er et industrikemikalie, der hovedsageligt anven-
des i plastindustrien. Det produceres af mikrosvampe som 

Aspergillus terreus ved decarboxylering af cis-akonitsyre. Nye 
undersøgelser viser helt uventet, at itakonsyre også produceres 
af mikrogliaceller i pattedyrs hjerner. Syren virker antibakteriel 
ved at blokere enzymer, der er livsvigtige for bakterier. Både 
væksten af Salmonella enterica og Mycobacterium tuberculo-
sis hæmmes kraftigt af den substituerede ravsyre. 

Carsten Christophersen

BIOTEKNOLOGI n

Immune-responsive gene 1 protein links metabolism to immunity by catalyzing 
itaconic acid production. A. Michelucci et al.PNAS 2013, http://www.pnas.org/
content/early/2013/04/18/1218599110.full.pdf+html
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Intelligent Chemistry 

Now JASCO available from Biolab A/S: 

SFC/SFE & HPLC/X-LC, UV/VIS/NIR Spectrometers, 

Circular Dichroism, Raman, Polarimeters, FT-IR / FT-Raman.


