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SUMMARY

Flavour instability can be regarded as one of the most important quality problems faced
by the brewing industry, as beer flavour starts to deteriorate almost instantly upon packaging.
The loss of pleasant flavour attributes and appearance of off-flavours will impact palatability
and, therefore, reduce drinkability of beer, which in turn may result in economic losses for
the brewer. Efforts to prolong beer freshness may only be fully effective when the complex
chemistry behind the phenomena of beer ageing is much better understood. Within this
context, one of the current areas of active research is an investigation on the gradual
appearance of sensory perceivable off-flavours during beer transport and storage, which,
chemically, coincides with an increase in levels of a multitude of unwanted compounds.
Among them particular volatiles, known as ‘beer staling aldehydes’. This specific group of
aldehydes is characterised by highly flavour-active compounds, perceived at low
concentrations, such as Strecker degradation aldehydes (derived from amino acids), furfural
(derived from pentose), and hexanal, as well as trans-2-nonenal (both derived from oxidation
of unsaturated fatty acids). Two major mechanisms have been ascribed to the development
of staling aldehydes during beer ageing in a package, namely de novo formation of aldehydes
from a precursor compound (e.g. an amino acid) and release of aldehydes from a pre-formed
bound-state adduct (e.g. cysteinylated aldehydes).

It is well-established that the quality of brewing raw materials (in particular malted barley,
water, hops, and yeast), as well as the brewing process, affect final beer quality and also beer
flavour deterioration. Among raw materials, malt, being the major source of extract, appears
to play a pivotal role in beer flavour instability as it has been reported that particular malt
quality parameters (such as Kolbach Index, free amino nitrogen content, levels of Strecker
aldehydes) are connected to beer staling. Previously, this relationship has also been referred
to as the ‘beer staling potential of malt’. Interestingly, the same volatile compounds that are
directly involved in beer staling, i.e. the above mentioned staling aldehydes, also develop
during production of malt. However, unambiguous cause-effect relationships between
particular malt constituents and particular compounds in beer (responsible for in-package
ageing) have not been proven yet, demonstrating the huge complexity of beer flavour
instability and, consequently, the requirement for more research regarding malt and the
malting process in relation to this phenomenon.

Since during malting both free and bound-state aldehydes already develop, the central
objective of this technology-driven PhD is to monitor the malting process in relation to this
development and, in particular, to pinpoint critical moments during malting regarding
generation of these unwanted compounds. In this regard, in-depth chemical-analytical
evaluation of anindustrial-scale malting process and industrial-scale pale lager malts
in relation to the formation of (bound-state) aldehydes was performed. Next, targeted micro-
malting aiming at malt of reduced beer staling potential and high brewing quality was
assessed based on experimental design and numerical modelling.

Aiming at a successful assessment of the malting process, the conditions of sample
preparation for GC-MS determination of staling aldehydes were optimised for various types
of malting samples (i.e. green malt, partially kilned malt, finished pale lager malt). Next, the
resulting protocol for determination of volatile, free aldehydes was applied together with an
already available method for quantification of non-volatile cysteinylated aldehydes.
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By applying this approach, we were able to achieve a truly integrated view on both volatile
aldehydes and their non-volatile counterparts for malt samples of various origins throughout
this whole doctoral study. Moreover, results obtained on (bound-state) aldehydes were
assessed in relation to standard quality parameters of various pale lager malts in search for
correlations among all of these variables and to improve our understanding of potential
relationships that may be relevant to beer flavour instability.

Results obtained on industrial-scale samples demonstrated that the content of (cysteinylated)
aldehydes in finished malt is clearly higher compared to its starting material, barley. During
germination, strong increases in levels of the fatty acid oxidation aldehydes, i.e. hexanal and
trans-2-nonenal, were found. Levels in Strecker aldehydes and furfural were, however, hardly
affected at this stage. Next, when approaching the stage of drying at elevated temperature
(in particular when arriving at a critical moisture content of approx. 6% - 9%), levels of most
(cysteinylated) aldehydes showed a first dramatic increase, except for hexanal. Furthermore,
levels of all (cysteinylated) aldehydes continued to increase rapidly during kilning-off, except
for hexanal. Clearly, throughout this PhD, it was found that hexanal behaves differently
compared to all other aldehydes, including the other fatty acid oxidation marker aldehyde,
trans-2-nonenal.

Furthermore, a clear effect of process-associated physicochemical gradients (caused
by pneumatic processing in relatively thick grain beds) on aldehyde formation in malting was
demonstrated for the first time. Except for hexanal, the highest levels of free and bound-state
aldehydes were found in samples derived from the bottom layer of the grain bed, which is
most exposed to heat load during kilning. Accordingly, samples taken at the same time from
the upper layer (exposed to significantly less heat load) showed the lowest levels
of aldehydes.

Next to analysis of the industrial-scale malting process as a function of duration (i.e. stages
of malting) and position of the grain in the bed (i.e. bottom, middle, top layer), emphasis was
put on several, potentially critical malting variables. These results showed that both the
degree of grain modification and kilning-off temperature impact — either indirectly (degree
of modification) or directly (kilning-off temperature) — the generation of (cysteinylated)
aldehydes during malting. Consequently, the degree of steeping and kilning-off temperature
were selected as key variables to conduct additional, targeted micro-malting experiments
aimed to investigate the potential feasibility of producing malt of reduced beer staling
potential, combined with satisfying brewing quality. Modelling of individual responses,
representing the measured aldehydes and malt quality parameters, as a function of the key
variables, demonstrated that the steeping degree especially impacts levels of hexanal,
whereas kilning-off temperature mainly affects levels of Strecker aldehydes, furfural, and
trans-2-nonenal. Finally, numerical modelling of the selected malting variables (steeping
degree, kilning-off temperature), suggested the feasibility of producing pale lager malt of
superior overall quality on condition that adequate, mutual adjustment of both grain
modification and kilning-off temperature is implemented.
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Smaakinstabiliteit kan worden beschouwd als één van de belangrijkste kwaliteitsproblemen
in de brouwindustrie, omdat de biersmaak bijna direct achteruitgaat vanaf het verpakken.
De aangename smaakeigenschappen verdwijnen en de aanwezigheid van onaangename
componenten verminderen de drinkbaarheid van het bier, wat financiéle gevolgen kan
hebben voor de brouwer. Pogingen om de versheid van bier te verlengen zijn alleen effectief
wanneer de complexe chemie achter bierveroudering beter begrepen wordt. Er wordt
momenteel actief onderzoek gedaan naar de geleidelijke vorming van zintuiglijk
waarneembare onaangename smaken tijdens biertransport en -bewaring, dewelke vanuit
chemisch standpunt gepaard gaan met een toename van talrijke ongewenste componenten,
waaronder de zogenaamde vluchtige ‘bierverouderingsaldehyden’. Deze specifieke groep van
aldehyden wordt gekenmerkt door sterk aroma-actieve verbindingen, die waar te nemen zijn
bij lage concentraties, zoals de Strecker degradatie aldehyden (afkomstig van aminozuren),
furfural (gevormd uit pentose), en hexanal, alsook trans-2-nonenal (beide gevormd door de
oxidatie van onverzadigde vetzuren). Twee belangrijke mechanismes worden toegeschreven
aan de ontwikkeling van verouderingsaldehyden tijdens bierveroudering in een verpakking,
namelijk de novo vorming van aldehyden uit een precursor (bijvoorbeeld een aminozuur)
en het vrijkomen van aldehyden uit een voorgevormd gebonden adduct (bijvoorbeeld
cysteine-gebonden aldehyden).

Het is welbekend dat zowel de kwaliteit van de brouwgrondstoffen (in het bijzonder
gerstemout, water, hop en gist), als het brouwproces, een effect hebben op de finale
bierkwaliteit en op de achteruitgang van de biersmaak. Mout, de belangrijkste bron van
extract, lijkt een cruciale rol te spelen bij de instabiliteit van de biersmaak, aangezien
bepaalde moutkwaliteitsvariabelen (zoals Kolbach Index, vrij aminostikstofgehalte,
concentratie aan Strecker aldehyden) worden gelinkt aan bierveroudering. Tot dusver werd
dit verband beschreven als het ‘bierverouderingspotentieel’ van mout. Interessant is dat
dezelfde vluchtige componenten die een directe invloed hebben op de bierveroudering,
namelijk de bovengenoemde verouderingsaldehyden, ook worden gevormd tijdens
de productie van mout. Er is echter nog geen ondubbelzinnig oorzakelijk verband gelegd
tussen bepaalde mout bestanddelen en bepaalde bestanddelen in bier (verantwoordelijk
voor veroudering in verpakking), wat de complexiteit van biersmaakinstabiliteit en de nood
aan verder onderzoek naar mout en het moutproces in relatie tot bierveroudering aantoont.
Aangezien tijdens het mouten zowel vrije als gebonden aldehyden reeds worden gevormd,
is het voornaamste doel van dit technologisch gedreven doctoraat het moutproces op te
volgen met het oog op de ontwikkeling en in het bijzonder het vastleggen van het cruciale
moment tijdens het mouten waarbij deze ongewenste bestanddelen zich ontwikkelen.
Daarom werd een gedetailleerde chemisch-analytische evaluatie uitgevoerd van een
geindustrialiseerd moutproces en geindustrialiseerd pilsmout met betrekking tot de vorming
van (gebonden) aldehyden. Vervolgens werden gerichte micro-moutprocessen geévalueerd
op basis van experimentele ontwerpen en numerieke modellen gericht op mout met
een verminderd bierverouderingspotentieel en hoge brouwkwaliteit.

Om het moutproces succesvol te evalueren werden de condities van de staalvoorbereiding
voor GC-MS bepaling van verouderingsaldehyden geoptimaliseerd voor verschillende types
moutstalen (namelijk groenmout, deels geéeste mout, afgewerkte pilsmout). Vervolgens
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werd het bekomen protocol voor de bepaling van vluchtige, vrije aldehyden toegepast
in combinatie met met een reeds bestaande methode voor de kwantitative bepaling van niet-
vluchtige gecysteinyleerde aldehyden. Door deze aanpak waren we in staat om, doorheen de
volledige doctoraatstudie, een totaalbeeld te krijgen van zowel vluchtige aldehyden en hun
niet-vluchtige tegenhangers voor moutstalen van verschillende oorsprongen. Ook werden
de resultaten van (gebonden) aldehyden geévalueerd met betrekking tot standaard
kwaliteitsparameters van verschillende pilsmouten om zo correlaties tussen de verschillende
variabelen te vinden en om meer inzicht te verwerven in potentiéle verbanden die relevant
kunnen zijn voor biersmaakinstabiliteit.

De resultaten van stalen op industriéle schaal toonden aan dat het gehalte van
(gecysteinyleerde) aldehyden in het afgewerkte mout duidelijk hoger ligt dan
in het startgrondstof, gerst. Tijdens het kiemen werden grote toenames aan vetzuuroxidatie
aldehyden, zijnde hexanal en trans-2-nonenal, vastgesteld. De hoeveelheid Strecker
aldehyden en furfural daarentegen veranderden nauwelijks in dit stadium. Vervolgens,
tijdens het droogstadium op hoge temperaturen (in het bijzonder bij het kritische
vochtgehalte tussen 6% - 9%) werd een eerste verhoogde toename vastgesteld van de meeste
(gecysteinyleerde) aldehyden, met uitzondering van hexanal. Bij het afeesten bleven alle
(gecysteinyleerde) aldehyden snel stijgen, met uitzondering van hexanal. In de bevindingen
van het doctoraat viel op dat hexanal zich anders gedraagt dan alle andere aldehyden, zelfs
het andere vetzuuroxidatie merker aldehyde, trans-2-nonenal. Verder werd ook voor
de eerste keer een duidelijk gevolg aangetoond van procesgerelateerde fysicochemische
gradiénten (veroorzaakt door de pneumatische verwerking in relatief dikke graanbedden)
op aldehyde vorming tijdens het mouten. Met uitzondering van hexanal, werden de hoogste
gehaltes aan vrije en gebonden aldehyden gevonden in stalen verkregen van de onderste laag
van het graanbed, dat het meeste blootgesteld wordt aan de hitte tijdens het eesten.
De stalen die tegelijkertijd werden genomen van de bovenste laag (blootgesteld aan
beduidend minder hitte) toonden de laagste gehaltes aan aldehyden.

Naast de analyse van het industrieel moutproces in functie van tijd (namelijk de verschillende
moutstadia) en positie van het graanbed (zijnde onderste, middenste, bovenste laag), werd
ook de nadruk gelegd op verschillende, potentieel kritische moutvariabelen. Deze resultaten
toonden aan dat zowel de graad van de graanmodificatie als de afeesttemperatuur een
impact hebben, hetzij indirect (graad van modificatie) of direct (afeesttemperatuur) op
de ontwikkeling van (gecysteinyleerde) aldehyden tijdens het moutproces. Om die reden
werd de mate van het weken en de afeesttemperatuur als belangrijke variabelen bevonden
om aanvullend gerichte micro-mout experimenten uit te voeren met als doel te onderzoeken
of het mogelijk is om mout te produceren met een verminderd bierverouderingspotentieel
en dat in combinatie met een bevredigende brouwkwaliteit. Modelleren van individuele
parameters, namelijk de geanalyseerde aldehyden en de mout kwaliteit parameters als
belangrijke variabelen, heeft aangetoond dat het weekproces vooral een impact heeft op
de hexanal gehaltes, terwijl de afeesttemperatuur vooral een invloed heeft op het gehalte
aan Strecker aldehyden, furfural en trans-2-nonenal. Ten slotte, numerieke modellering van
de geselecteerde mout variabelen (weekgehalte, afeesttemperateuur), suggereert
de mogelijkheid tot het produceren van pilsmout van superieure kwaliteit op voorwaarde dat
zowel graanmodificatie als afeesttemperatuur voldoende worden aangepast.

Vi
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CONTEXT AND AIMS OF THE STUDY

Characteristic flavour features of food products and beverages should remain pleasant and
stable on storage. For the brewing industry, flavour instability represents a big challenge
as beer flavour generally starts to deteriorate quite soon upon packaging - a phenomenon
often described as ‘beer staling’. This is especially true for pilsner type beers made from pale
lager malt because fresh pilsners are relatively poor in aroma constituents, making their
ability to suppress sensory perception of off-flavours appearing during storage very limited.
Changes in the sensorial perception of beer upon storage are caused by losses of pleasant
flavour attributes (e.g. a decrease in the intensity and quality of bitterness due to degradation
of iso-a-acids?), and by the appearance of off-flavours (e.g. appearance of cooked potato and
cardboard aromas, related to an increase in levels of the aldehydes methional and
trans-2-nonenal, respectively?). These changes in beer flavour may have a considerable effect
on palatability and, therefore, reduce drinkability, which in turn may result in economic losses
for the brewer. Furthermore, beer flavour instability becomes more and more important
when considering the increasing globalisation of the beer market and growing beer export
figures (e.g. in 2019, approx. 20% of the total beer volume produced within the European
Union was exported3). Especially exported beers may suffer from more rapid flavour
deterioration since they are often exposed during transport and/or storage to elevated
temperatures and vibrations, which have been reported to promote beer staling®.

Previous research in the field of beer flavour chemistry has pointed to the important role
of staling aldehydes in relation to beer ageing, as an increase in levels of staling aldehydes
in packaged beer during transport and storage was found to coincide with the gradual
appearance of sensory perceivable off-flavours>>®. Staling aldehydes are characterised
as volatile, highly flavour-active compounds, i.e. they can be perceived at very low
concentrations. The most representative staling aldehydes for beer ageing (also called
‘marker aldehydes’) are Strecker degradation aldehydes (derived from amino acids), furfural
(derived from pentose), and hexanal, as well as trans-2-nonenal (both originating from
oxidation of unsaturated fatty acids). In fresh beer, staling aldehydes are almost completely
absent and, as indicated above, their appear gradually as a function of beer storage time.
However, when looking into the beer preparation process, and even malt production,
the above mentioned staling aldehydes appear to be present in considerable amounts in both
malting and brewing samples’®. Clearly, these observations point to the huge complexity
regarding the origin(s) and appearance of staling aldehydes.

In respect of the brewing process, relatively high quantities of staling aldehydes have been
reported at the onset of mashing”-8. During subsequent stages, their levels decline mainly due
to evaporation during wort boiling”® and enzymatic reduction of aldehydes by yeast during
fermentation®®. This explains why, in fresh beer, staling aldehydes are only present in trace
amounts (mostly below their flavour threshold values). Nevertheless, during beer transport
and storage, levels of staling aldehydes gradually increase?® by mechanisms of formation that
have not been fully resolved yet. Two major mechanisms have been proposed to explain the
development of staling aldehydes during beer ageing in package, namely de novo formation
of aldehydes from a precursor compound (e.g. formation of 3-methylbutanal from
L-leucine?®), and release of aldehydes from a non-volatile, pre-formed bound-state adduct
(e.g. cysteinylated aldehydes?).



CONTEXT AND AIMS OF THE STUDY

The same volatile compounds that are directly involved in beer flavour deterioration,
i.e. staling aldehydes, also develop during the production of malt. Hypothetically, free
aldehydes introduced with malt into the brewing process may bind to other molecules during
wort production forming non-volatile bound-state adducts, which may be affected to a lesser
extent by the brewing conditions, in contrast to their free, volatile counterparts.
Consequently, aldehyde adducts might (partly) end up in finished, fresh beer, and dissociate
again during storage, thereby giving rise to free, flavour-active aldehydes. In addition, malt
comprises various compounds that may contribute to de novo formation of aldehydes.
For instance, malt contains potential precursors (e.g. amino acids), intermediate reactants
(e.g. a-dicarbonyls), and catalysts (e.g. lipoxygenase enzymes). Moreover, the presence
of bound-state aldehydes has been demonstrated in malt (in the form of cysteinylated
aldehydes)®. All of these compounds, i.e. free aldehydes, precursors, and bound-state forms,
constitute to the so-called ‘beer staling potential of malt’. It is suggested that the staling
potential of malt presumably plays a key role in relation to final beer flavour (in)stability.
However, an unequivocal link between particular compounds in malt and the development
of staling aldehydes in ageing beer has not been demonstrated yet. Moreover, it is proposed
that a more systemic approach through integrated research comprising malting, brewing,
and beer ageing, should contribute to unravelling the possible relationship between the beer
staling potential of malt and beer aging in package.

This technology-driven PhD focuses on the first major part of the production chain from barley
to beer, i.e. malt preparation. More specifically, research aims at detailed monitoring
of the malting process and at defining critical moments during malting, in relation
to the formation of (bound-state) aldehydes.

Chapter 1 (Literature review on the contribution of the malting process and finished malt
to the formation of staling aldehydes) aims at presenting an overview of the state-of-the-art
regarding formation of staling aldehydes during different stages of malt production, and on
the potential contribution of finished malt to beer flavour (in)stability.

The first experimental part of this PhD is focused on developing of a reliable, analytical
methodology for determination of staling aldehydes in malting samples. Therefore, Chapter 2
(Method development for determination of aldehydes in malting samples) deals with
evaluation and optimisation of sample preparation, i.e. extraction of aldehydes from pale
lager malts and other types of malting samples, followed by aldehyde quantification via
HS-SPME-GC-MS.

The second experimental part of this work focuses on evaluation of the industrial-scale
malting process in relation to the formation of (bound-state) aldehydes. Chapter 3
(Explorative monitoring of the evolution of free and cysteinylated aldehydes during malting)
aims at obtaining an overview of the evolution of (cysteinylated) aldehydes throughout
industrial-scale pale malt production (from barley up to finished malt). Next, Chapter 4
(Evaluation of industrial-scale malting in relation to process-associated physicochemical
gradients and the formation of staling aldehydes) intends to pinpoint the most critical
moment(s) during malting, regarding generation of (cysteinylated) aldehydes, and also
to investigate as to which extent process-related, physicochemical gradients may contribute
to this. In Chapter 5 (Evaluation of selected process variables of industrial-scale malting
as a function of malt quality parameters and potential beer flavour (in)stability), research
emphasis is put on investigation and evaluation of the influence of potentially critical malting
variables, regarding levels of (bound-state) aldehydes in the finished malt.
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CONTEXT AND AIMS OF THE STUDY

In the final experimental part - Chapter 6 (Micro-malting in search of ‘reduced beer staling
potential — optimal brewing quality’) - micro-malting combined with modelling is performed
to better understand potential relationships among important malt quality
parameters/aldehydes and malting process variables that were selected, based on outcomes
of chapter 5. Moreover, this study aims at investigation of the feasibility of preparing malt
of reduced beer staling potential combined with high brewing quality.






Chapter 1

Literature review on the contribution
of the malting process and finished
malt to the formation of staling
aldehydes

This chapter partly corresponds to:

Filipowska W., Jaskula-Goiris B., Ditrych M., Bustillo Trueba P., De Rouck G., Aerts G.,
Powell C., Cook D. & De Cooman L. (2021) On the contribution of malt quality and the malting
process to the formation of beer staling aldehydes: a review. Journal of the Institute of
Brewing 127(2) 107-126. doi:10.1002/jib.644






LITERATURE REVIEW ON THE CONTRIBUTION OF THE MALTING PROCESS AND FINISHED MALT TO THE FORMATION
OF BEER STALING ALDEHYDES

1.1. Contribution of free and bound aldehydes to beer flavour
instability

1.1.1. Introduction

The microbiological, colloidal, foam, colour and flavour stability of beer are considered
to be critical quality parameters influencing drinkability and brand acceptance
by the consumer!®!l, Unfortunately, various chemical reactions take place in the closed beer
package, resulting in a change to the sensorial perception of beer over time, which starts
almost instantly upon packaging. The most significant changes are the increase in negative
off-flavours (e.g. cardboard associated with trans-2-nonenal) and the loss of pleasant flavour
attributes (such as bitterness or estery character due to degradation of iso-a-acids and,
e.g. acetate esters, respectively)!?71°, Losses in esters also reduce their well-known masking
effect, thereby leading to an even more pronounced perception of off-flavours!®17.20,
Similarly, the synergistic effect caused by the sum of the intensities of beer ageing indicators
allows to perceive off-flavours even when their concentrations found in beer do not exceed
their individual flavour thresholds®18, Exposure to high temperatures, light, vibrations during
transport and/or contact with oxygen, as well as presence of certain transition metal ions,
accelerate the rate of beer staling®2~24, Unravelling the chemistry behind these changes and
thus learning how to control the rate at which flavour change develops is the key
to prolonging beer freshness.

Measures adopted to improve beer flavour stability are considered most effective when
applied downstream and close to the packaged product?>. However, the fact that staling
precursors are developed upstream in the raw materials and brewhouse operations means
that brewers with ‘best in class’ flavour stability control measures are currently looking
to these upstream stages to better understand the source of major staling precursors.
One area of active research is to focus on raw materials. Malt, as a major brewing ingredient,
delivers to the brewing process various compounds, which can contribute to beer staling —
i.e. amino acids, proteins, enzymes, reducing sugars, and staling aldehydes®7.26-33,
The content of these compounds in malt is influenced by factors such as barley variety and
malting process, which also directly affect malt quality. Therefore, this introductory part of
the thesis manuscript discusses current knowledge on the potential impact of malt quality
and malting conditions on beer flavour deterioration with regard to staling potential of malt,
in particular, staling aldehydes.

1.1.2. Free aldehydes

In the late 1960s, the search for potential beer staling markers pointed to aldehydes as a class
of compounds of paramount importance, as their increase coincides with the appearance
of off-flavours during beer ageing®. Moreover, free aldehydes show flavour-active properties
and very low flavour thresholds, for example, trans-2-nonenal can be perceived at 0.03 pg/L,
methional at 4.2 pg/L, and 2-methylbutanal at 45 pg/L when spiked individually to lager
beer!®. Further studies led to the identification of the most relevant aldehydes originating
from various chemical pathways, which are indicators of lager beer staling — the so-called
marker aldehydes?. The most frequently reported are hexanal, trans-2-nonenal, furfural,
2-methylpropanal, 2-methylbutanal, 3-methylbutanal, methional, and
phenylacetaldehyde?6°17:34.35,
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These aldehydes may arise through de novo formation and/or due to their release from
a bound-state form. Various authors'’3-47 have thoroughly discussed the possible reaction
of de novo formation during malting and brewing. Marker aldehydes (see also section
‘The most relevant formation pathways of marker aldehydes in relation to malt’) can arise
through the following mechanisms: (1) lipid and fatty acid oxidation (auto- and enzymatic
oxidation); (2) Maillard reactions; (3) Strecker degradation (Strecker degradation of amino
acids in a strict sense, Strecker-like reactions, direct Strecker aldehyde formation from
Amadori compounds, direct oxidation of amino acids); (4) oxidative degradation
of iso-a-acids; (5) aldol condensation of short-chain aldehydes; (6) oxidation of higher
alcohols; (7) secondary oxidation of long-chain aldehydes, and (8) secretion by fermenting
yeast.

1.1.3. Bound-state aldehydes

Free aldehydes are prone to binding due to the high electronegativity of the double-bonded
oxygen atom. Therefore, the electron-deficient carbonyl carbon is likely to be attacked
by nucleophiles*®4°, This may result in binding with other compounds, such as bisulphites*®4%,
cysteine®®>! or other amino acids*?. During beer storage and under specific conditions inside
the beer package (beer pH, storage temperature, vibrations during transport), those adducts
may dissociate, releasing free aldehydes, thus causing an increase in off-flavours’37°2,
Unravelling the chemistry behind bound-state aldehydes is crucial in order to better
understand beer staling.

The topic of aldehyde-adduct formation (the so-called binding) is very complex since
numerous chemical pathways are possible. Beer staling aldehydes are of different origin,
chemical structures and properties, and they may react with various nucleophiles at different
rates and under different reaction conditions (such as pH value, temperature). The binding
behaviour of selected beer staling aldehydes was thoroughly studied by Baert et al.>%>%,
The authors demonstrated that the nucleophilic addition of cysteine or bisulphite to the
carbonyl group of an aldehyde is affected by the electrophilic character of an individual
aldehyde, thus its structure (see Table 1-1). Accordingly, the electrophilicity of the carbon
atom of the carbonyl group is influenced by the nature of the R group of the aldehyde (RCHO).
In particular, the R group can be aliphatic (either saturated or unsaturated) or aromatic, and
because of this electrophilic character of aldehydes will vary. Thus, aldehydes substituted
with an aromatic R group (e.g. phenylacetaldehyde) are less prone to binding to nucleophilic
compounds compared to saturated aliphatic aldehydes (e.g. 2-methylpropanal) because
the conjugated system of the aromatic substituent is decreasing the electrophilicity
of the carbon atom of the carbonyl group. For the same reason, ao,B-unsaturated aliphatic
aldehydes such as for instance trans-2-nonenal are less prone to binding nucleophilic
compounds compared to saturated aliphatic aldehydes. Moreover, for saturated aliphatic
aldehydes, the well-known inductive effect should be taken into account when comparing
their reactiveness towards nucleophilic compounds. For instance, the inductive effect caused
by the methyl group present at the 2-position of the R group, as is the case for
2-methylpropanal and 2-methylbutanal, reduces, to some extent, the readiness for binding
nucleophiles®3. Baert et al.>! and Bustillo Trueba et al.>* reported on the influence of beer
(4.4), wort (5.2), and malt (6.0) pH on binding behaviour of aldehydes. A general trend
of lower affinity to binding at lower pH, regardless of the nucleophile (cysteine or bisulphite)
could be seen. This is because the more acidic pH (4.4) enhances protonation of the carbonyl
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oxygen causing enolisation, which somewhat reduces the aldehyde readiness towards
binding. Cysteine and bisulphite reactivity was hardly affected by the pH of the model solution
(4.4 - 6.0), due to the relatively high pK, values of the cysteine amino group (pKs = 10.8) and
the sulfhydryl group (pKa = 8.3)>3.

Table 1-1. Molecular structure of the selected free aldehydes and their corresponding cysteinylated
form, after>*>®,

Free Molecular Cysteinylated Molecular
aldehyde structure aldehyde structure

2-isopropylthiazolidine- H
4-carboxylic acid )\(ICOOH

S

)VO
2-(sec-butyl) thiazolidine- \)\(H
. . COOH
2-methylbutanal \)\40 4-carboxylic acid 8_7’
\lNO §

2-methylpropanal

2-isobutylthiazolidine-

N__-COOH
4-carboxylic acid
\(\(SJ/

3-methylbutanal

2-pentylthiazolidine-

AN S N coon
hexanal 4-carboxylic acid
y \/\/\(8_7’
o o 2-(furan-2-yl) thiazolidine- 7 o H
furfural | Z 4-carboxylic acid Q\(N COOH
/ T
. 2-(2-(methylthio)ethyl) N_ _coon
S (0]
methional NN thiazolidine-4-carboxylic acid HSCS‘/\(SJ

H
2-benzylthiazolidine- N__ COOH

phenylacetaldehyde @\/%o 4-carboxylic acid @\2_7/
H

E)-2- -1-en-1-yl)thi lidine-
trans-2-nonenal AN (E)-2-(oct-1-en-1-yl)thiazolidine

S

Regarding the release of flavour-active free aldehydes, until now, indirect methods under
extreme conditions were applied to measure the dissociation of bound-state aldehydes.
In 1983 Baker et al.*° presented the release of carbonyl compounds from their corresponding
bisulphite adducts. In 1990 Drost et al.>® introduced the concept of ‘nonenal potential’
as an indicator of the possible release of trans-2-nonenal from a bound-state form. In 2015
Baert et al>! used 4-vinylpyridine as an aldehyde ‘releasing agent’, for example,
to demonstrate that the bound aldehydes are present in fresh beers. Only recently has
development of analytical methodologies allowed a direct determination of cysteinylated
aldehyde adducts in model solutions®*, and somewhat later, in malt, brewing and beer
samples33. Bustillo Trueba et al.>* conducted a detailed study investigating the chemical
behaviour of cysteinylated aldehydes in model solutions. The results showed that
the degradation rate of an adduct depends on the 2-substitution pattern (i.e. the nature
of the R group) of the thiazolidine ring and on the pH value of the medium, e.g. at malt pH
(6.0) decomposition of cysteine adduct was slower than at beer pH (4.4). Under the acidic

9
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conditions, the nitrogen atom may be protonated, leading to destabilisation
of the thiazolidine ring and ring opening.

pH-Sensitivity was also previously reported for bisulphite adducts, as Kaneda et al.*!
demonstrated that carbonyl compounds are present in a bound-state when SOz
is in the nucleophilic form (pH range 3 - 6). Conversely, imine adducts are more stable
at higher pH (since with increase of pH rises Schiff base concentration), whereas a lower pH,
similar to exposure to heat, promotes dissociation of the complex*2. Therefore, in the pH
of malt (6.0), bound-state aldehydes may be formed more easily than in beer and their
stability may also be higher. An overview of possible interactions between saturated and
unsaturated aldehydes and cysteine, an amine or bisulphite respectively, is shown
in Figure 1-1.

COOH 0,
! x
H,0 R OH
C
/‘\ S ¥ bisulphite
§ cysteine monoadduct
monoadduct saturated HSO,

(2-substituted 1,3-thiazolidine- aldehyde

-4-carboxylic acid)

HOOC.__NH, Cys R/\/\O < .
\[ % a-unsaturated } 3

S aldehyde HsO,” R AN OH HsO,
Cys : : . .
H,0 RM NH,—=R bisulphite \& S0, SOy
/ o H.0 monoadduct
tei
HOOC NH, cysteine " -

monoadduct

R
' bisulphite
o R
\< COOH RMN/ S0y o )/(( diadduct
S n
)\ﬂ:g i R)\/U\H 150
S SO, OH

R cysteine bisulphite 3 }\\
diadduct monoadduct 2 R OH
(2-substituted 1,3-thiazolidine- bisulphite
-4-carboxylic acid) monoadduct

Figure 1-1. Overview of the possible interactions between saturated (e.g. methional) and
a-unsaturated (e.g. trans-2-nonenal) aldehydes and cysteine, an amine or bisulphite, after
Baert et al.”'.
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1.1.4. The significance of free and bound-state aldehydes in beer ageing

The debate as to what extent bound-state forms may be responsible for beer staling is still
ongoing. Regarding de novo formation, it has been suggested that aldehydes ‘reappear’
during beer ageing. Wietstock et al.*” demonstrated that supplementation of fresh beer with
leucine, isoleucine, and phenylalanine in the presence of oxygen leads to higher
concentrations of the corresponding aldehydes (3-methylbutanal, 2-methylbutanal and
phenylacetaldehyde, respectively) upon beer ageing for 30 weeks at 20°C. This indicates that
de novo formation of Strecker aldehydes may indeed occur in a closed beer package and
is enhanced by the presence of oxygen. Similar outcomes were obtained by Gibson et al.*’,
who supplemented amino acids to fresh beer and observed an increase in Strecker aldehydes
after forced ageing. Furthermore, Rangel-Aldao et al.°® reported on the relevance
of a-dicarbonyls (intermediate products of Maillard reactions) to aldehyde formation while
storing beer at elevated temperatures (28°C). The authors determined lower levels of furfural
and 5-hydroxymethyl furfural (HMF) in beers with the addition of an a-dicarbonyl trapping
reagent. This is in agreement with Rakete et al.*®, who indicated that Maillard reactions
resulting in the formation of i.a. furfural, occur to some extent during forced beer ageing (two
weeks at 50°C) since intermediates necessary for the reaction are already present in beer.

On the other hand, it has been suggested that the conditions in a closed beer package do not
promote de novo formation. For example, Lermusieau et al.*> compared the content of
trans-2-nonenal in oxygen-free and oxygen-receiving ageing beers. The results indicated that
the increase in trans-2-nonenal over time is not caused by lipid oxidation in the beer package
but it is due to the release of its free form from a bound-state. Moreover, Maillard reactions
leading to de novo formation of e.g. furfural are favoured at conditions where pH is higher
than typical beer pH values (for example, in malt)*.

To date, free aldehydes originating from both potential pathways — de novo formation and
release from a bound-state form — are considered to be contributors to beer flavour
deterioration. Suda et al.** reported that approx. 85% of Strecker aldehydes determined
in aged beers are derived from wort, whereas approx. 15% originate from de novo formation
in packaged beer. Furthermore, both aldehydes free and bound-state, might be delivered
to the brewing process with raw materials and/or could be formed during beer production?3.
Formation of imine adducts may occur during malting>®®® and brewing>?, whereas bisulphite
adducts might be formed during fermentation or downstream?®>>61, In summary, the above
studies334044525559-61 noints to the relevance of the malting and brewing process
to the formation of bound-state aldehydes, as well as to malt as an essential source of beer
staling compounds and their precursors.

1.1.5. The most relevant formation pathways of marker aldehydes in relation
to malt

Malt provides aldehydes to the brewing process directly but also offers a variety of their
precursors (Figure 1-2). Formation pathways of marker aldehydes are complex and consist of
numerous steps, which strongly depend on the reaction conditions (e.g. pH, temperature,
presence of substrates) and can lead to various intermediate and final products. This section
focuses on particular reactions taking place in malt (or analogous conditions) and leading
tothe formation of marker aldehydes, namely: hexanal, trans-2-nonenal, furfural,
2-methylpropanal, 2-methylbutanal, 3-methylbutanal, methional, and phenylacetaldehyde.
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These compounds represent the end products of some typical formation reactions,
e.g. oxidation of unsaturated fatty acids, Maillard reactions and Strecker degradation
of amino acids.

,_-——""-—-_-—-—'“\-.. .
MALT
v &
e ¢
|2 .
o . ;
o Marker aldehydes ‘ ‘ Precursors
o
I
© [ ]
z
- Bound-state aldehydes Precursors for de novo
= .
o e.g. cysteinylated aldehydes formation
e I
™ | I I
Substrates Intermediate products Reaction catalysts
e.g. amino acids, e.g. Amadori compound, e.g. transition metal ions,
reducing sugars, a-dicarbonyls oxidants
unsaturated fatty acids

Figure 1-2. Compounds delivered with malt to the brewing process, which may potentially affect
beer flavour (in)stability.

1.1.5.1. Hexanal and trans-2-nonenal

The main chemical pathways leading to the formation of hexanal and trans-2-nonenal are
autoxidation and enzymatic oxidation of unsaturated fatty acids. In the enzymatic pathway
(Figure 1-3), linoleic acid (C18:2) and linolenic acid (C18:3), representing up to 60 and 10%
of the total fatty acids in malt, respectively®?, are released in the presence of water from
triacylglycerols by lipase (pH optimum 6.8)%3. The resulting free fatty acids are oxidised
by lipoxygenase (LOX-1 and LOX-2, pH optimum 6.5)%* to hydroperoxy fatty acids. LOX-1 yields
9-hydroperoxyoctadeca-10,12-dienoic  acid (9-LOOH), whereas LOX-2  produces
13-hydroperoxyoctadeca-9,11-dienoic acid (13-LOOH). During malt kilning, most of the LOX
activity is destroyed as both enzymes are heat-sensitive. However, LOX-1 is more
heat-resistant than LOX-2, thus during mashing, the enzymatic formation of 9-LOOH may
proceed at a higher rate®. Subsequently, 9- and 13-LOOH are subjected to enzymatic
degradation to mono-, di-, and trihydroxy fatty acids followed by non-enzymatic breakdown
resulting in carbonyl compounds. The pathway of 9-LOOH leads to trans-2-nonenal, whereas
13-LOOH yields hexanal'®. Another possible oxidation of linoleic and linolenic acid esterified
in triacylglycerol is by LOX-2, which also leads to the formation of carbonyl compounds®62,

Regarding autoxidation, in the cascade of reactions, unsaturated fatty acids can be oxidised
by reactive oxygen species and via lipid peroxyl radicals into lipid hydroperoxides (9-LOOH
and 13-LOOH) (Figure 1-4)%. Again, various compounds may be formed from these precursors
in enzymatic and non-enzymatic reactions leading to hexanal and trans-2-nonenal. The rate
of autoxidation is enhanced by high temperatures and presence of oxidants, e.g. transition
metal ions (iron and copper)!’. Malt, among other brewing raw materials, is rich in these ions,
delivering up to 97.5% of iron and 94.3% of copper to the brewing process®’. Another critical
reaction from the perspective of malting is the secondary autoxidation of unsaturated
aldehydes. For example, trans-2-nonenal can be autoxidised into shorter chain aldehydes,
such as hexanal®®,

12
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lipids
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i lipase
02
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Figure 1-3. An overview of the enzymatic oxidation leading to the formation of hexanal and
trans-2-nonenal, after Vanderhaegen et al.’®.
The continuous line refers to reactions of high rate, whereas the dashed line relates to pathways that proceed at a slower

rate. LOX = lipoxygenase enzyme, 9-LOOH = 9-hydroperoxyoctadeca-10,12-dienoic acid, 13-LOOH = 13-
hydroperoxyoctadeca-9,11-dienoic acid.
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Figure 1-4. Overview of the oxidation cascade of unsaturated fatty acids, initiated by reactive
oxygen species, after to Bamforth et. al ©.



CHAPTER 1

1.1.5.2. Furfural

Furfural is one of the many products of Maillard reactions - a complex reaction chain initiated
by an amine, amino acid, peptide or protein reacting with reducing sugar (Figure 1-5)779, The
reaction is initiated by nucleophilic addition of an amino group to the reducing end of an
open-chain of sugar, leading to N-glycosylamine (Schiff base) formation’?. This intermediate
undergoes Amadori rearrangement resulting in the formation of 1-amino-1-deoxyketose
(Amadori compound), which undergoes enolisation and, depending on the pH, forms specific
isomers. In the next stage, the amine is released and a-dicarbonyls are formed,
i.e. 3-deoxyosone (pH<5), and 1- or 4-deoxyosone (pH>7). Upon dehydration of 3-deoxyosone
followed by cyclisation of the intermediate a-dicarbonyl, and final dehydration, furfural is
formed from pentose. The generated a-dicarbonyls can also act as a reactant in Strecker
degradation of amino acids. The kinetics of Maillard reactions are strongly dependent on the
nature and proportion of reactants, temperature, time, pH, and water activity’>”’4. For
example, pH value affects the reactivity of amino group (pKavalues often around 9 or higher)
and the proportion of open-chain to closed-chain forms of sugars (more aldose forms are
present at higher pH). Also, a moderate water activity is required, allowing almost a
subsequent addition and elimination of water molecule (see Figure 1-5). As Maillard reactions
are mostly associated with the exposure of malt to high temperatures, these chemical
pathways have been studied extensively with regard to dark speciality malts’>~7 and pale
lager malts’8.
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Figure 1-5. Overview of Maillard reactions leading to the formation of furfural, as described

by Baert et al.’’

3,4-DDP = 3,4-dideoxypentosulose-3-ene; 3,4-DDH = 3,4-dideoxyhexosulose-3-ene; 5-HMF = 5-hydroxymethylfurfural.

15



CHAPTER 1

1.1.5.3. 2-Methylpropanal, 2-methylbutanal, 3-methylbutanal, methional,
and phenylacetaldehyde

Strecker aldehydes may arise via several formation pathways. One of them is the Strecker
degradation in a strict sense (Figure 1-6), which is a reaction between an amino acid and
an a-dicarbonyl. In the case of beer staling marker aldehydes, the well-known amino acids act
as precursors (valine is a precursor of 2-methylpropanal, isoleucine of 2-methylbutanal,
leucine of 3-methylbutanal, methionine of methional, and phenylalanine
of phenylacetaldehyde'’), whereas a variety of a-dicarbonyls are derived among others from
Maillard reactions’®. Strecker degradation in a strict sense is initiated by nucleophilic addition
of the unprotonated amino group to the carbonyl group resulting in the formation
of a hemiaminal. Next, this unstable intermediate undergoes dehydration and subsequent
irreversible decarboxylation forming an imine zwitterion. Water addition leads to an unstable
amino alcohol, which breaks down into an a-ketoamine and an aldehyde!®17.79,80,

OH OH OjH
0 0 OH H H,0
H,N Ry N A Ry N —
J
Rl RZ R3 R3 R3
R; 0 Ry” 0
i\co2
+ +
H H H
Ry NH, OYH Ry N M H0 R, N Ry N
+ - -~
\ I T~ I T :[ T
3 R R R
R 3 3 _ N3
2 0 Rs 0 Ry o] R; 0

Strecker
aldehyde

a-dicarbonyl amino acid

iminium zwitterion

Figure 1-6. Strecker degradation in a strict sense - reaction of an a-dicarbonyl with an amino
acid17'66'81'82.

Alternatively, Strecker aldehydes may arise via Strecker-like reactions — reaction between
an amino acid and an a,B-unsaturated carbonyl compound (e.g. trans-2-nonenal, furfural)
(Figure 1-7)%, or by direct oxidative degradation of amino acids (Figure 1-8)%3. The latter was
confirmed to occur in beer?’, however, further investigation is required with regard to barley,
malt and model solutions of pH = 6.

Another possibility is the reaction of Amadori compound (derived from Maillard reactions)
with amino acid (Figure 1-9)7°. This formation pathway is likely to take place in malt, even
though it was studied only in model solutions (with and without the presence of transition
metal ions)®>%, Firstly, compared to wort and beer, the pH of malt is somewhat more
favourable to the formation of 1-amino-1-deoxyketoses (Amadori compounds) and, secondly,
during germination, the proteolytic activity of malt increases, leading to the release of free
amino acids from more complex structures. Therefore, in malting, conditions seem
to be more favourable for the formation of substrates for this particular formation pathway
of Strecker aldehydes.
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Figure 1-7. Strecker degradation between an a,B-unsaturated carbonyl compound and amino acid
according to Rizzi et al.%°, after Baert et al. 1’ and Bustillo Trueba?®!
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Figure 1-8. Overview of direct oxidative degradation of amino acids to Strecker aldehydes after
Stadtman® and Wietstock et al.*’.

17



CHAPTER 1

0 NH,
OH OH COOH > < OH OH COOH OH
HO R, H,0CO, o H
HO OH
N R, _ ~ o
o SRS Y
OH OH O OH OH N R, 0 NH, R,
Amadori compound > < (0] NH, Strecker
o, COOH HO Ry aldehyde
metal catalysed (
HZOZ
OH OH COOH OH oH
HO OH COOH CcO
S )\ 2 HO OH
N R, =— XN
OH OH O o on H,0 o NN A

o] R,
HO OH N Y
2
Strecker
aldehyde

Figure 1-9. Overview of the formation of Strecker aldehydes from an Amadori compound and an
amino acid or metal-ion catalysed reaction, according to Yaylayan’®, after Baert et al.'” and Bustillo
Trueba®..

1.1.5.4. Important precursors, intermediates and catalysts for de novo formation
of aldehydes

In the reactions of de novo formation of marker aldehydes, their precursors, intermediate
products and catalysts play an essential role, the most relevant of which are presented
in Table 1-2. The function of precursors, intermediates and some catalysts of marker aldehyde
formation have been described in the above sections.

Catalysts play an important role in generation of staling aldehydes, especially from
the perspective of oxidation reactions. In particular, important are transition metal ions
as well as anti- and pro-oxidants. Transition metal ions such as iron, copper, and manganese
are known to accelerate the rate of radical reactions, i.e.the so-called Fenton and
Haber-Weiss reactions, which occur as follows8®:

Fe*+ H202 - Fe3*+ OH + "OH
Fe3*+ H,0, - Fe?* + "0y + 2H*
Cu**+°0; - Cu*+ 02

Cu*+ H20, - Cu?* + OH + *OH

The reaction chain starts with oxidation of Fe?* by hydrogen peroxide to Fe3*, resulting
in the formation of hydroxyl radical (*OH) and hydroxyl anion (OH"). Next, Fe3* reacts with
another molecule of hydrogen peroxide forming a superoxide radical (*O2’), two protons and
reduced iron (Fe?*). Then, the superoxide radical reacts with Cu?* leading to oxygen and Cu*.
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Finally, the generated Cu* reacts with hydrogen peroxide forming a hydroxyl radical and
hydroxyl anion, and oxidising copper to its original Cu?* form. Free radical species
(in particular, hydroxyl radical) are exceptionally reactive, which can lead to non-enzymatic
oxidation of lipids resulting in hexanal and trans-2-nonenal’’, as well as to direct oxidation
of amino acids to Strecker aldehydes®3. Malt, among other brewing raw materials, is rich
in these ions, delivering up to 97.5% of iron and 94.3% of copper to the brewing process®’.
The extent of these reactions can be diminished by antioxidants, due to their reducing power,
their radical-scavenging and metal-chelating properties, as well as by the so-called
antioxidative enzymes such as peroxidase, catalase and superoxide dismutase®>#’-8°, Malt is a
natural source of antioxidants e.g. flavan-3-ols, phenolic acids and ferulic acid, which are
delivered to the brewing process'®®’. The antioxidant properties of barley and malt are mostly
associated with phenolic compounds such as phenolic acids, flavonoids, proanthocyanidins
and tannins®®%, as well as some of the Maillard reaction products (MRPs), in particular,
melanoidins and reductones®®. Phenolic compounds that are ultimately found in beer
originate to a large extent from malt (e.g. pale malt delivers around 80% - 85% of polyphenols
to beer, whereas dark speciality malt delivers approx. 95%), whereases hops deliver only a
minor fraction of the total beer polyphenols®>=>. Melanoidins and reductones (intermediates
of Maillard reactions) are present in all types of malt, however, in particular in dark speciality
malts as they are mostly formed during the roasting process due to intensive heating. As
antioxidants, melanonids are superoxide scavengers and can interact with peroxide and
hydroxyl radicals®®. However, Hashimoto et al.’’ reported that these compounds also may
catalyse the oxidation of higher alcohols to carbonyl compounds, thereby impairing beer
flavour stability. Similarly, reductones act as radicals scavengers®?, but also they intensify
Fenton and Haber-Weiss reactions by reduction of transition metal ions (e.g. Fe3* to Fe?*)%.
In accordance with these are the results by Hoff et al.?°, who reported higher iron content
and higher radical intensities in dark worts compared to pale malt worts. Regarding the
so-called anti-oxidative enzymes, barley contains superoxide dismutase, catalase, peroxidase,
as well as ascorbate peroxidase!®®102, However, peroxidase acts as an antioxidative enzyme
by removing hydrogen peroxide from the system, it also oxidises barley phenolic compounds,
thereby reducing the antioxidative potential of malt'%. Other pro-oxidative enzyme actives
are the well-known activities in lipid degradation, such as lipase, lipoxygenase and the
hydroperoxide-reactive enzyme system (hydroperoxide lyase and hydroperoxide isomerase),
as well as polyphenol oxidase, which catalyses oxidation of phenolic compounds?00:103,104,
Both the barley cultivar and malting process influence the above mentioned residual
enzymatic activities found in the finished malt®’.
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Table 1-2. Significant precursors and catalysts for the de novo formation pathways of selected beer
staling aldehydess'”364446:47,

Aldehydes Precursors Catalyst
Fatty Acid Oxidation Products

- enzymes (e.g. lipase,
lipoxygenase and hydroperoxide

I
- lipids and unsaturated fatty acids i (;/;asegn
hexanal - 9-LOOH, 13-LOOH Xve
. . - high temperatures
trans-2-nonenal - mono-, di- and trihydroxy fatty . .
acids - reactive oxygen species (ROS)

(for autoxidation)
- transition metal ions (Cu?*, Fe?*)
(for autoxidation)

Maillard Reactions Products

- amines, amino acids, peptides, - high temperature
proteins - high pH in the first stage of
furfural . . .
- reducing sugars (e.g. xylose) reaction, pH<5 for conversion of
- a-dicarbonyls 1,2-enaminol

Strecker Degradation Products
- corresponding amino acids:

2-methylpropanal

valine, isoleucine, leucine, - high temperature
2-methylbutanal . . o ) ot 24
methionine, phenylalanine - transition metal ions (Cu®*, Fe**)
3-methylbutanal . . .
. - a-dicarbonyls - reactive oxygen species (ROS)
methional
- a,B-unsaturated aldehyde - oxygen

phenylacetaldehyde - Amadori compounds

1.2. Contribution of malt to beer flavour instability

To date, most research regarding beer staling has focused on the combined effects of brewing
process and beer storage conditions on the chemistry of beer ageing. However, in 2004
Bamforth*® stated: ‘(..) the scenario for malt in the context of flavour instability
isso under-researched that it is impossible to be categorical either for or against
its significance’. Since this time, the importance of malt quality in the context of beer flavour
and flavour instability has been increasingly recognised®7:26:27,29,30,32,33,105-103 Regarding beer
staling aldehydes, according to De Clippeleer et al.??, these compounds are primarily derived
from malt to the brewing process, rather than from degradation of hop bitter acids, hence
the latter seems to be of lesser importance. In support of this, Ditrych et al.” evaluated levels
of staling aldehydes across the entire wort production process and reported the highest levels
of staling aldehydes in mashing-in samples. Thus, malt can be seen as main brewing raw
material delivering staling aldehydes to the brewing process.

Dong et al.*'? identified various flavour-active compounds in pale malt, among them marker
aldehydes including 2-methylpropanal, 3-methylbutanal, 2-methylbutanal, hexanal,
trans-2-nonenal and benzaldehyde. Determined quantities of marker aldehydes in pale malts
are presented in Table 1-35111-114 The aldehyde profile of the different pale lager malt
samples appeared to be quite similar; 3-methylbutanal was found in the highest
concentration, followed by 2-methylpropanal and 2-methylbutanal, whereas trans-2-nonenal
and methional were present in the lowest concentration. Variations in aldehyde content
among these malts can be explained by different barley cultivars, crop years and malting
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technologies (infrastructure and malting parameters), as well as different analytical
approaches adopted (e.g. SIFT-MS, HS-SPME-GC-MS). Irrespective, similar compounds were
identified in speciality malts, i.e. caramalt and dark malts, which in comparison to pale malts
contained higher amounts of aldehydes!*>~''’. For example, Yahya et al.”® quantitatively
determined around 9,000 pg/kg and 2,100 ug/kg of furfural in black malt and crystal malt,
respectively, while Gibson et al>’ reported on a3-fold higher concentration of
2-methylpropanal and 2-methylbutanal in worts produced with dark malts in comparison to
their pale malt derived counterparts. Moreover, Gastl et al.?® by applying air recirculation
during germination and a relatively long kilning cycle (36h) with kilning-off at 85°C, obtained
malt, which lead to the aged beers of a high acceptance score. The authors suggested that
the combination of a low Kolbach Index of malt and a low amount of Strecker aldehydes and
hexanal in wort, as well as low heat load index in wort can result in enhanced beer flavour
stability.

Table 1-3. Levels of marker, staling aldehydes determined in pale malts that varied in barley
cultivars, and harvest year, malting technology®!'*"'** and their flavour description®.
Aldehyde Concentration range Flavour description
(ng/kg dry mass)
Fatty acid oxidation products

173 -1,010?
hexanal 495 -1,1233 bitter, winey
449 —1,669°
29 —742
17 - 463
9-394
210 - 580°

trans-2-nonenal cardboard, papery

Strecker degradation products

612 —2,3112
2-methylpropanal 722 - 3,4803 grainy, fruity
1,128 - 3,469°
467 —1,1192
2-methylbutanal 612 —2,4113 almond, malty
980 -3,279°
1,741 - 2,585
1,213 -4,271>  malty, cherry,
3,053 —-4,2153 almond
2,834-8,218°
224 - 5662
methional 383 -1,0143 cooked potatoes
319-5,105°
400 — 8532
phenylacetaldehyde 198 -1,0143 flowery
319-5,105°

3-methylbutanal

Maillard reactions products

185 -4771
285 - 4122
89 - 6513
391-1,116°
1 - GC-FID on the extract of water vapour distillation!1%; 2 - SIFT-MS on the ungrounded malt grains and HS-SPME-GC-MS

on malt extract!!?; 3 - HS-SPME-GC-MS on malt extract®; 4 - HS-SPME-GC-FID on malt extract with the addition of NaCl'13; 5
- HS-SPME-GC-MS on malt extract14,

furfural caramel, bready
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Regarding the relationship between final beer flavour stability and malt, Bustillo
Trueba et al.3® showed that malt is rich in bound-state aldehydes, namely cysteinylated
aldehydes, which could contribute to the increase of free forms during beer ageing if these
compounds ‘survive’ brewing process. Also, it has been reported that brewing with malt that
is low in Kolbach Index!® and low in free amino nitrogen®%, results in a lower rate of beer
staling. Moreover, a high thermal heat load, in the form of Maillard intermediates reacting
with thiobarbituric acid (TBI), measured in malt, in unboiled wort and fresh beer was found
to be negatively related to the sensory score of beer freshness while examining forced-aged
beers?®. The authors concluded that a low TBI is a basis for better beer flavour stability.
Furthermore, this parameter measured in malt correlates with boiled and unboiled Congress
wort colour?®. The above observations are in agreement with Furukawa Sudrez et al.?’, who
reported that addition of speciality malts (e.g. caramel malt), which are characterised
by higher EBC colour and heat load values, increases the content of beer staling aldehydes
in forced-aged beers. In addition to the above, antioxidant properties of malt appear
to impact flavour stability as a high radical scavenging activity (positively correlated with
phenolic content) contributes to prolonged beer freshness?®. When evaluating the staling
degree of forced-aged beers (forced aged for six days at 50°C, followed by one day at 0°C),
which were brewed with or without a reduced content of phenolic compounds, Mikyska
et al.?® reported a higher stale flavour intensity in the beer variant with a diminished phenolic
content. The authors interpreted it as malt polyphenols having a positive impact on the staling
degree of forced-aged beers. Though the phenolic content was reduced by the addition
of PVPP and the assumption was not tested on the purified malt polyphenols. As mentioned
before, besides polyphenols, also Maillard reaction products (MRPs) are the well-known
antioxidants present in malt. However, it has been demonstrated that brewing with
the addition of dark speciality malts may result in a decreased oxidative stability of wort and
beer, though dark malts are known for their high content of MRPs?”/118, These outcomes are
in line with other studies®®'1° reporting that MRPs or intermediates such as reductones with
an enediol structure, may accelerate Fenton reaction, thereby yielding higher levels
of reactive oxygen species (ROS) during beer ageing. Higher levels of ROS will inturn
accelerate degradation of amino acids into Strecker aldehydes in darker beers*”83, Finally,
when using electron spin resonance (ESR) spectroscopy, Kunz et al.!%, observed higher
oxidative stability in beer brewed with 25%, 50%, 75%, and 90% raw barley, in comparison
to a 100% malt reference beer. Thus, it appears that the use of unmalted barley, which is not
exposed to heat load, compared to conventional malt, imparts prolonged beer flavour
stability.

Therefore, malt can be seen as a key factor considering free aldehydes as such, as well as
aldehyde precursors (e.g. bound-state aldehydes, amino acids, reducing sugars, etc.) and
intermediate products (e.g. Schiff bases, a-dicarbonyls, etc.), since free aldehydes are largely
removed during brewing’ and fermentation process'?%, in particular, aldehydes precursors
and intermediate products may affect beer staling.

In addition to brewing trials, various barley breeding experiments were performed with
the main focus on elimination of proanthocyanidins!?! and lipoxygenase activity (considering
both LOX-1 and LOX-2 enzymes)'?27125, which are recognised as factors negatively influencing
beer stability. Since the beer brewed with malted proanthocyanidin-free barley received
alower score in the sensory evaluation after one month of natural ageing than
its proanthocyanidin control??!, it seems possible that the content of low molecular weight
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polyphenols was insufficient to slow down oxidation reactions, resulting in an increase
in off-flavours. A different approach — brewing with malted null-LOX barley — showed
however, a positive influence on beer flavour stability. The latter was assessed as the trans-
2-nonenal content and through sensory evaluation of forced-aged beers'??, In another study
conducted by Hirota et al.1?3, low levels of trans-2-nonenal were determined in both forced-
aged beers, when null-LOX malt was used as the main ingredient and when applied in
combination with a LOX-normal pale malt. In the sensory evaluation conducted by well-
trained panellists, null-LOX forced-aged beer obtained lower off-flavour and total staleness
scores. More profound analysis, conducted by the same research group, allowed to compare
malt quality parameters between LOX and null-LOX malts'?>. The authors reported no
differences in general characteristics, except for LOX-activity (16.1 U/g vs 1.3 U/g). In forced-
aged beers, trans-2-nonenal was detected in the range of 0.09 - 0.12 ug/L and 0.35 - 0.36
ug/L, when brewed with null-LOX and LOX-normal malt, respectively. In addition, Hirota et
al.*?> suggested that the application of null-LOX malt would reduce the cost of energy
required to inactivate LOX in the brewhouse. Hoki et al.?* indicated that modifying the
malting schedule (e.g. decreasing germination temperature, increasing kilning temperature
and/or prolonging kilning time) could reduce LOX-activity already during malting, without the
need of using null-LOX barley. Nevertheless, these adjustments would affect other malt
quality parameters crucial for brewers, primarily malt colour. Therefore, the use of null-LOX
barley may be more suitable to decrease trans-2-nonenal concentrations in malt and later on
in aged beer. Additional brewing trials'?* with 74% of malted LOX-1-less barley variety
‘Satuiku 2 go’ and 26% adjuncts (starch, corn, rice) showed that fresh beer contained only
0.03 pg/L of trans-2-nonenal, whereas after 1 month at 30°C, aged beer and its control (beer
brewed with LOX-normal malt) contained 0.11 pg/L and 0.16 ug/L, respectively. Considering
0.03 pg/L as an accepted flavour threshold value of trans-2-nonenal®, brewing with LOX-1-
less barley does not allow the concentration of this off-flavour to be maintained below
sensory perception levels. Nevertheless, it does decrease the content of trans-2-nonenal to
levels similar to those formed via the nonenzymatic reaction of autoxidation?’.
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1.3. Evolution of marker aldehydes and their precursors during the
malting process

The (bio)chemical composition of malt directly depends on grain to be malted!?®!?” and
the applied malting process?®1?8129 |n this thesis, particular attention is drawn to malted
barley, as it is the primary cereal used for brewing. In brief, the malting process consists
of grain sorting and cleaning, steeping, germination, and kilning. The main goals of malting
are activation and formation of enzymes, partial degradation of endosperm matrix polymers
(mainly proteins and B-glucans), improvement of grain friability and formation of colour
as well as characteristic malt flavours. During malting, barley undergoes physical and chemical
modifications when exposed to the following key factors for varying lengths of time: water,
oxygen, and high temperature!?®, By adapting malting regime, quality parameters of pale malt
can be modified, for example, lower germination temperatures tend to decrease soluble
nitrogen'3®. Moreover, flavour, colour and reducing power of malt can be influenced
by kilning regime or by roasting!3!. The latter allows production of speciality malts such

as crystal malt, caramel malt and chocolate malt, with flavour profiles that are well
defined76.77,92,110,131-135

The importance of the malting process in relation to beer flavour (in)stability is still poorly
understood, even in the case of pale malts that represent the predominant grist material used
across the brewing industry. Currently, available data on the influence of crucial malting
parameters on the formation of free aldehydes and their precursors are summarised
in Table 1-4, as well as in the following sections.
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1.3.1. Barley

1.3.1.2. Structure of barley grain in relation to marker aldehydes and their precursors

Barley grain (Hordeum vulgare, vulgare L.) consists of approx. 65% - 68% of starch, 10% - 17%
of protein, 3% - 9% of arabinoxylans, 4% - 9% of B-glucans, 2% - 3% of lipids, and 1.5% - 2.5%
of minerals on a dry matter basis!3®7138, The moisture content of stored barley and malt is low
(approx. 12% and <5% for barley and malt, respectively), which prevents extensive chemical
transformations'?®, Moreover, barley and malt kernels consist of a multi-layered structure,
including the husk, pericarp, testa, aleurone layer, embryo and endosperm (Figure 1-10).
These are exposed during malting (albeit to differing extents) to water, air (oxygen boost),
and heat, as well as to enzymatic, hormonal, and microbial activity. Therefore, the formation
of marker aldehydes can differ between grain structures. According to Fox et al.'*® among all
of the kernel structures, the husk, aleurone, scutellum and embryo are primarily associated
with barley and malt quality.
Dorsal side

ALEURONE ~ PERICARP  qpepy
LAYER w -

HUSK

/" SCUTELLUM [~ EMBRYO

ENDOSPERM

SUB-ALEURONE
REGION

Ventral side

Figure 1-10. Depiction of barley grain structures, based on Briggs'*.

Husk, together with pericarp, accounts for 7% to 14% of grain dry matter basis, depending
on the barley variety, grain size and growing environment*3>!41, From the perspective of beer
flavour stability, organic radicals which catalyse various oxidation reactions leading to, for
example, marker aldehydes are mainly found in the husk, rather than in the flour fraction
of malt!!8, In addition, husk provides flavours that are often described as ‘husky’ or ‘grainy’142,
Lewis et al.**? highlighted the importance of extracting malt polyphenols from the husk during
the brewing process since these are responsible for a grainy taste, astringency and may also
act as pro- or antioxidants. The latter may enhance or reduce the rate of marker aldehyde
formation. Van Waesberghe et al.'** suggested that beer flavour instability is significantly
affected by husk components extracted during mashing and sparging, among them staling
aldehydes, as well as their precursors and polyphenols. For example, beers brewed with malt
containing husk showed higher TBI than beers brewed using a corresponding ‘hulled’ malt'#4,
Though, the TBI is strongly correlated with the evolution of carbonyl compounds during beer
ageing, ‘de-husked beers’ were more prone to staling, probably due to lack of husk
polyphenols acting as antioxidants.

Another barley structure that may be important from the perspective of beer flavour
instability is the aleurone layer, which makes up to 8% to 15% of the grain dry matter and
contains proteins, lipids, glucan, and xylan?813%.143 Moreover, it is also rich in transition metal
ions, such as iron, which may catalyse the formation of carbonyl compounds both in malt and
wort!*, During germination, the aleurone synthesises and secretes enzymes that play a
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crucial role in the growth of the embryo and grain modification, including lipoxygenases,
xylanase, peroxidases, polyphenol oxidases, dehydrogenases, esterases, phosphatases,
phytases, proteases, lipases, B-glucanases, proteinases, peptidases, a-amylase, limit
dextrinase, and a-glucosidase!3®143, These enzymes catalyse degradation of polymers (e.g.
proteins, starch) releasing low-molecular weight-compounds, which can act as precursors for
marker aldehydes (e.g. free amino acids, initiating Strecker degradation or Maillard
reactions). Moreover, some enzymes (e.g. LOX-1 and LOX-2) are directly involved in aldehyde
formation pathway since they are implicated in the formation of lipid degradation aldehydes.
Furthermore, the aleurone layer is rich in ferulic acid; a well-known antioxidant!4.

Barley endosperm accounts for 75% to 80% of a grain dry matter. The endosperm cell wall
consists of B-glucans (approx. 75%) and arabinoxylans (approx. 20%)3%14¢, The remainder
mostly consists of small and large starch granules embedded in a protein matrix'2&147,
Therefore, it can be seen to act as a reservoir for storage compounds and is an important
structure from the perspective of the brewer since the extract yield depends on the overall
starch content. However, the relationship between endosperm components and beer flavour
instability is still not well established.

Embryo is a living tissue, which accounts for 3% to 5% of the grain dry matter!?8, It contains
sugars, amino acids and lipids, which are mostly used to support the initial development
of the embryo prior to breakdown of the endosperm reserves*®. Embryo stimulates
development of hormonal and enzymatic pathways and is the so-called starting point for grain
transformation to a plant through the growth of the acrospire and rootlets'?8, The acrospire
developed from the embryo during germination contains relatively high levels of lipoxygenase
enzymes, soluble protein, free amino acids and S-methyl methionine (SMM), which are
important from the perspective of beer staling, especially with regard to hexanal,
trans-2-nonenal and Strecker aldehydes'*®. Brewing trials with the addition of 5% and 15% of
acrospire material to the wort showed a significant increase in Strecker degradation
aldehydes, hexanal and furfural measured in pitching wort, as well as a decline in the overall
beer flavour stability, compared to the control brewing trails without the addition of
the acrospire material'*.

1.3.1.2. The influence of barley variety and growing conditions

Herb et al.**° stated that the barley variety and the growth environment are equally important
contributors to beer flavour. However, not much is known about the direct influence of either
of these parameters on beer flavour instability. It is well established that barley variety and
growing conditions influence content of lipids, thus precursors of hexanal and trans-2-
nonenal®°, Spring barley contains higher levels of polyunsaturated fatty acids (including
linoleic acid) than its winter counterpart!®'. Consequently, use of a winter barley variety
might (to a certain extent) improve the quality of the final product (malt and/or beer),
however, this still requires confirmation. Furthermore, the crop year, variety and application
of fertiliser containing zinc can influence the content of antioxidants (mostly phenolic
compounds)'®?, which suppress aldehyde formation from radical reactions involving fatty
acids, amino acids and higher alcohols?>3. Also, winter barley presents higher antioxidant
activity than spring barley due to the thicker husk!>*. Various authors have stated that the
high availability of nitrogen in the soil (mostly due to extensive fertilisation) increases the
content of proteins in a barley grain>>~>%, which may become a substrate pool for formation
of aldehydes. Moreover, the nitrogen content in barley is related to various malt quality
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parameters, for example, Kolbach Index, free amino nitrogen, soluble nitrogen, and colour!>®.
Also, it is known that weather conditions during barley grain development in the field play an
essential role, as drought leads to elevated levels of proteins. Fortunately, it can be
compensated partially by the selection of suitable barley varieties and application
of an optimised irrigation system>91%0_ Besides, barley variety and crop year influence levels
of volatile compounds (among them staling aldehydes) present in barley and later in malt!!?,
Svoboda et al.l'® detected trans-2-nonenal in the range from 0.28 pg/kg to 3.06 pg/kg
of barley, when comparing 21 barley varieties. In addition, Cramer et al.'®! identified
3-methylbutanal, 2-methylbutanal, hexanal, 2-hexenal, 2-heptenal, and 2-nonenal as key
odorants in barley. The highest concentration was detected for hexanal ranging from 46 pg/L
up to 1,269 pg/L of barley extract, depending on the barley variety.

1.3.2. Steeping

The major aims of steeping are to increase grain water activity, as well as washing away dust
and germination inhibitors, and improving friability by loosening of the grain structure'??,
Steeping is typically performed by periodic submersion of the kernels in water, according
to the steeping regime (time, temperature, number of wet/dry phases, and water aeration).
Various enzymes which catalyse reactions yielding aldehyde precursors (such as lipoxygenase
and proteases) are activated when grain reaches a minimum of 32% of moisture content!?,
This can lead to an increase in the activity of transaminase, peptidase and protease, along
with the rise in water content of the grain, resulting in a subsequent increase in amino
acids'®?, Also, with an increase in the activity of saccharolytic enzymes, levels
of carbohydrates such as maltotriose and sucrose decrease®®, while the concentrations
of simple carbohydrates (fructose and glucose) increase concomitantly'®4. Furthermore,
during steeping total polyphenol content decreases by around 6% - 7%, thus the pool
of compounds, which may act as inhibitors of catalysts for de novo formation of aldehydes
declines. The steeping regime also influences enzymatic activity during germination.
For example longer steeping results in higher LOX-activity'®” and increased overall antioxidant
activity of finished malt (the latter measured as the amount of free radicals, which can be
eliminated by antioxidants present in the sample)!>2. Moreover, LOX-activity is also enhanced
by applying aeration throughout the wet phase of steeping, and when the steeping schedule
includes more than one air rest®.

In order to improve the potential impact of steeping on beer flavour stability, Miller et al.*%®
proposed implementation of vibrations at a frequency of 180 Hz - 200 Hz, creating sonic
waves. This led to an iron reduction of approx. 30% in malt, thus improving oxidative beer
flavour stability measured by electron spin resonance (ESR). An additional benefit of this
treatment was improved grain washing, which enhanced water uptake and increased
homogeneity of the finished malt. Ma et al.’®” reported that oxidation of steep water
by hydrogen peroxide or ozone resulted in an increase in free amino nitrogen, B-glucan, and
diastatic power. This could potentially improve the efficiency of malting as such, however,
it would also deliver more aldehyde precursors to the brewing process. Mauch et a/.16816°
suggested that re-steeping of green malt under acid conditions, which in the original
assumption should limit malting losses, could also increase the amount of beer staling
markers present in fresh and aged beers. Such a rise was expected, especially in the case
of furfural derived from Maillard reactions, as under acidic conditions the formation
of its precursor (3-deoxyosone) is predominant over 1- and 4-deoxyosone formation®’.

29



CHAPTER 1

In contrast, in aged beers brewed with acidified malt, the authors measured lower levels
of oxygen indicators (2-methylbutanal, 3-methylbutanal), probably due to a pH effect,
i.e. under acidic conditions, amino acids are protonated, and therefore less reactive towards
Strecker degradation.

1.3.3. Germination

During germination, grain modification takes place. This is characterised by the breakdown
of cell walls, proteins, lipids and starch as a consequence of enzyme formation and activation.
The process is performed in humid and aerobic conditions at temperatures ranging from
16°C to 20°C for 4 to 5 days'?®. Germination rate and chemical changes are temperature
dependent; when higher temperatures are applied, more intense grain modification
is achieved, resulting in an elevated pool of staling-related compounds®®%17°, Analysis
of ‘non-conventional’ malting, with germination at ‘low’ (12°C) or ‘high’ (18°C) temperatures
and various moisture contents, showed the influence of these parameters on aldehyde
formation'2. Essentially, higher germination temperatures enhanced reduction of aldehydes
to alcohols and resulted in malt with lower concentrations of 3-methylbutanal, furfural, and
hexanal. Furthermore, lower moisture content in green malt resulted in reduced
concentrations of these compounds, especially 3-methylbutanal*2,

Lipoxygenase enzymes LOX-1 and LOX-2 play an important role in the formation of precursors
of some staling aldehydes'’*’!, LOX-activity increases approximately four-fold during
germination and its rate depends mostly on the germination temperature and presence
of oxygen®*. Lower germination temperatures can lead to reduced LOX-activity in the finished
malt®. Also, grain asphyxiation (reduction of oxygen content in the air passing through the
grain bed) may have a similar effect®®. In order to reduce LOX-activity in malt, Baxter®
proposed acidification of steeping water or asphyxiation of grain during germination since
both of the treatments resulted in a 3-fold decrease of LOX-activity. This is in line with
outcomes presented by Gastl et al.?%, suggesting the use of recirculated air enriched in CO>
during germination to suppress oxidation of unsaturated fatty acids. This system enabled
production of malt with a lower concentration of hexanal. In the case when LOX-activity
is high and oxygen is present in the system, enzymatic oxidation and auto-oxidation take place
resulting in a decrease during germination and following it kilning, in the levels of triglycerides
and a subsequent increase in free fatty acids, intermediates of trans-2-nonenal and hexanal,
respectively®1172173 " This is most likely due to both LOX-activity and lipid metabolism
of the grain. The highest concentrations of free fatty acids were found at the end
of germination®’4. Similarly, because of intensive proteolysis during germination, the quantity
of amino acids increases!’®. Frank et al.*®* observed a significant increase in amino acids,
including valine (precursor of 2-methylpropanal). Similarly, the content of simple
carbohydrates!®3 and polyphenols!’® becomes elevated.

The volatile fraction of malt also can be influenced through microbial contamination of green
malt by Fusarium poae'’” and Fusarium graminearum*’8. Chen et al.’® reported a significant
increase in the concentrations of 2-methylbutanal, pentanal, hexanal, and trans-2-nonenal
in contaminated malts. The authors suggested that these compounds must have been
emitted from the mycelium since the same aldehydes were detected in the sporulated
mycelium itself. Therefore, contamination by Fusarium may directly deteriorate beer flavour
and potentially its flavour stability. Introduction of lactic acid bacteria during germination may
improve the biological stability of malt since it can prevent or reduce contamination
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by Fusarium species'’. It also affects aspects of brewing performance, such as filtration time,

which can result in a decrease in total heat load, and ultimately a lower aldehyde content
in beert®,

From a technological perspective, addition of gibberellic acid is a common practice applied
to enhance enzyme formation. This results in shorter germination times and more profound
grain modification (lower B-glucan content, higher Kolbach Index, and higher friability
of the finished malt)!?®. However, a careful dosage is essential, as overdosing will result
in extensive rootlet formation, extract yield losses, as well as high sugar and soluble nitrogen
levels. This can further lead to the development of abnormal colour of the final malt and
might indirectly contribute to beer flavour instability as more aldehydes precursors are
generated!®1,182,

1.3.4. Kilning

During kilning, grain is dried gradually by a flow of warm air (from 55°C - 90°C for pale malts)
in order to stop biochemical reactions, ensure product stability during storage, as well as
to develop the desired colour and flavour characteristics. The kilning regime (processing time,
temperature, humidity, and airflow) affects the physical and (bio)chemical properties of malt,
e.g. moisture content, growth of the embryo, enzymatic activity and aroma composition’683,
In particular, aroma compounds (such as those conferring biscuit, toast, nutty, caramel
flavours) and colour are highly impacted, leading to a broad range of commercially available
malts such as Vienna or Crystal'84, Kilning is also a critical step of the malting process
regarding beer flavour instability, mostly due to the applied heat load and the decrease
in moisture content, which accelerate the formation of marker compounds?®. Regarding
Strecker aldehydes, in the last stage of Strecker degradation, the presence of water
is required for conversion of an iminium ion into an unstable amino alcohol'’. Therefore,
Strecker aldehydes (2-methylpropanal, 2-methylbutanal, 3-methylbutanal) are formed
in humid conditions regardless of the temperature (tested range 105°C to 180°C), whereas
in more dry conditions the formation occurs only at very high temperatures (above 130°C)”’.
As opposed to Strecker degradation aldehydes, the formation of furfural is also taking place
under dry conditions’”’, because it requires dehydratation of itsdirect precursor
(3,4-dideoxypentosulose-3-ene). During kilning minor changes to thelipid content
(and therefore formation of fatty acid oxidation products) are observed with a decrease
in humidity. Grain modification terminates and the activity of lipases is significantly
reduced®¥!’1, In general, with an increase in drying temperature and a decrease in water
activity inside the grain, the overall enzymatic activity gradually declines. For example,
lipoxygenase activity in the finished pale malt reaches approx. 5% of the initial value’!.
Enzymatic inactivation takes place gradually as the conditions in the bottom, middle, and top
layer of the kilning bed differ. This is caused by the introduction of warm air from the bottom
and by the stationary position of the grain (i.e. no turning of the kernels) during the process.
Hence, the bottom layer dries faster and enzyme inactivation occurs quicker than in the top
layer>. Therefore, the moment of inactivation mostly depends on the position of a kernel
inthe grain bed and the particular properties of the enzyme under
consideration>®64150,171,173,185186  Ag an example, Baxter®* stated that lipoxygenase activity
in green malt is relatively stable; however, a temperature increase up to 65°C reduces its
activity by approx. 70% - 90% depending on the time of grain exposure to the high
temperature. Kilning-off at 85°C - 90°C reduces this activity to 2%. Generally, higher
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processing temperature and longer kilning times result in a significant reduction
of LOX-activity in malt, which is positive from the perspective of beer flavour
deterioration?’3'®’, Nevertheless, increased heat load also affects other malt quality
parameters such as aroma profile and, therefore could have an undesirable effect on beer
flavour®?4,

Kilning also influences antioxidants, which reduce the rate of oxidation reactions. The total
polyphenol content increases during kilning (especially in the first phase of kilning) regardless
of the tested barley variety®>18, A marked increase was identified for (+)-catechin and ferulic
acid!®. Inns et al.'® showed that the content of ferulic acid increased until a temperature
of 80°C was reached, then ferulic acid esterase was deactivated and, as a consequence,
the enzymatic release of free phenols from their bound forms was suppressed. In general,
high temperatures (as applied during kilning), enhance radical formation, which can also
directly or indirectly affect beer flavour instability!8,

Some older malthouses with directly-fired kilns apply sulphuring during kilning in order
to control the formation of carcinogenic nitrosamines®®, This treatment however may
increase the content of soluble nitrogen, leading to an increased pool of aldehyde precursors.

Huang et al.!33 aimed at optimisation of kilning regime as a function of selected indicators of
beer quality and its flavour instability (LOX-activity, trans-2-nonenal, hexanal, methional,
phenylacetaldehyde, and furfural content, heat load and the wort sensory score). The authors
selected kilning-off temperature, kilning time and a withering time of 86.35°C, 3.19h and
14.00h, respectively. According to the authors, malting barley following the proposed regime
can result in a high-quality pale malt with a low beer staling potential. A totally different
approach is the application of alternative water removal methods such as freeze-drying,
already widely used in the food industry for drying coffee, spices, meats, food ingredients and
other high-value solid-phase food products'®®. Malt dried in this way, in comparison
to its conventionally kilned counterpart, yields a higher amylolytic activity, higher extract
yield, lower colour, as well as higher viscosity and turbidity of filtrated wort'!. However,
the effect of this treatment on staling aldehydes has not been reported to date. A further
option is drying with electromagnetic waves, although a recent publication in this field
focused on the effects related to enzyme survival and energy efficiency rather than on beer
staling compounds®2. Yet another proposed green malt drying technique is through vacuum
oven drying®®3. This is designed for a continuous operation whereby the apparatus transports
green malt through separate drying zones, which allows a more homogeneous malt
to be produced. In order to facilitate moisture removal, the machine is equipped with
a vacuum chamber to reduce vapour pressure. It would be interesting to investigate staling
aldehyde formation during this process since two critical factors (temperature and the lack
of homogeneity in conventional kilning caused by the thick bed) are obviously of reduced
significance.

1.3.5. Storage

To the best of our knowledge, until today, studies regarding the evolution of beer staling
aldehydes during storage in real, industrial conditions have not been carried out, however,
some lab-scale experiments have been performed® '8, Hoff et al®® investigated
the influence of storage time (up to 12 months), temperature (10°C and 20°C) and humidity
(water activity of 0.231 and 0.432) on oxidative stability (measured as a radical content
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in malt) and volatile profile (determined in sweet wort) of pilsner malt. The authors observed
that the radical content measured in pilsner malt was positively correlated with water activity
and that this parameter has increased when the sample was stored at higher temperatures.
Regarding the volatile profile, during the first six months of storage, pilsner malt reminded
uninfluenced by storage temperature and water activity. However, longer storage
(12 months) at 20°C led to the loss of the content of some Strecker aldehydes, in particular
2-methylbutanal and 3-methylbutanal. On the contrary, the content of phenylacetaldehyde,
the other Strecker aldehyde, increased over the storage time, regardless of the temperature
that the sample was exposed to. In the other study conducted by Kaukovirta-Norja et al.*2®,
the authors investigated the influence of storage time (seven-months at 5°C) of pale malt
on LOX-activity. The authors observed a 25% decline in LOX-activity after a period of seven
months. The reduction occurred linearly as a function of time.
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1.4. Conclusions

Despite extensive research on beer flavour instability, off-flavours appearing over time
in a closed beer package remain a challenge for the brewing and malting industries. Malt
delivers various compounds to the brewing process, many of which could potentially affect
beer ageing. Among them are the so-called beer staling aldehydes, precursors for de novo
formation of aldehydes and bound-state aldehydes. Marker aldehydes for beer flavour
instability can arise in malt, wort and beer due to Maillard reactions, Strecker degradation,
oxidation of amino acids, and (enzymatic) oxidation of unsaturated fatty acids. However, they
may also be released from a bound-state, although it is acknowledged that the chemistry and
the behaviour of bound-state aldehydes in a complex matrix such as malt require much more
detailed investigation. It is well established that malt quality influences not only the brewing
performance and the flavour of the final beer but is also crucial from the perspective of beer
staling. For example, malt characterised by low Kolbach Index, heat load, colour, LOX-activity,
Strecker aldehydes, transition metal ions content, and high antioxidant activity, can lead
to more flavour stable beer. In particular, the malting regime plays a crucial role, as it
determines the overall malt quality but also affects the formation of aldehydes, as well as
their intermediates and precursors. Proper selection of barley variety, together with the
adequate adjustment of steeping and germination conditions, allows control over grain
modification and thus the reservoir of aldehydes precursors. These compounds may undergo
aldehyde formation pathways during malting, but also during brewing and even in the final
beer package. Kilning is the most critical stage of the malting process from the perspective
of marker aldehydes, as high temperature enhances reaction rates, and the oxygen boost
triggers the formation of radicals, which leads to intensification of autoxidation. This results
in the rapid formation of beer staling compounds already present in malt. However,
the influence of post-kilning malt-cooling is not well studied. Various proposals
of the potential technological improvements have been suggested aimed at malt with a low
beer staling potential. For example, the application of vibrations during steeping,
microbiological management during germination or alternative drying techniques during
kilning. It is anticipated that further investigations into malt properties and the handling
of barley during malting will lead to a better understanding of the origins of the beer staling
process and ultimately, may lead to enhanced beer flavour stability.
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Method development for
determination of aldehydes
in malting samples

This chapter partly corresponds to:

Filipowska W., Jaskula-Goiris B., Ditrych M., Schlich J., De Rouck G., Aerts G. & De Cooman L.
(2021) Determination of optimal sample preparation for aldehyde extraction from pale malts
and their quantification via headspace solid-phase microextraction followed by gas
chromatography and mass spectrometry. Journal of Chromatography A. 1612:460647
doi:10.1016/j.chroma.2019.460647
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METHOD DEVELOPMENT FOR DETERMINATION OF ALDEHYDES IN MALTING SAMPLES

2.1. Introduction

2.1.1. General introduction

Understanding the contribution of raw materials to the quality of a final product is crucial for
the entire food industry. Malt, as the key ingredient used in beer production, delivers various
compounds, which impact to brewing performance as well as flavour, visual properties and
stability of the final product. The chemical composition of malt directly depends on the type
of malted grain3%1?® and the malting process?®'2°. However, the influence of the latter
on beer staling is insufficiently understood, likely due to the unavailability of an appropriate
analytical methodology for quantification of marker aldehydes in malt. Therefore, this
chapter describes determination of optimised sample preparation for extraction of aldehydes
from pale malts, and evaluation of an analytical approach already available within the
research group, allowing quantification of staling aldehydes via headspace solid-phase
microextraction (HS-SPME) with on fibre derivatisation, followed by gas chromatography and
mass spectrometry (GC-MS). Additionally, adjustment of the method was carried out, in order
to enable analysis of samples coming from different stages of malting (i.e. green malt, partially
kilned malt, and finished pale lager malt).

2.1.2. HS-SPME with on-fibre derivatisation, followed by GC-MS for
guantitative determination of aldehydes

Headspace solid-phase microextraction (HS-SPME) is a commonly applied extraction
technique, used to study composition of volatile fractions of beer3>* wort”1%, and brewing
raw materials, e.g. hops'®® and speciality malts!®’. Also, it has been applied on various cereals,
such as wheat!®®, ryel®®, oat flakes'®®, and barley'®®. HS-SPME is typically coupled with a
separation and detection techniques such as gas chromatography and mass spectrometry
(GC-MS), gas chromatography and flame ionization detector (GC-FID), or selected ion flow
tube mass spectrometry (SIFT-MS)26:55110,111,133

Regarding investigation of the volatile composition of pale lager malts, to date, various
analytical methods have been applied, both for sample preparation and determination
of volatile compounds. For example, malt-derived wort samples have been subjected
to HS-SPME coupled with GC-MS (indirect determination)?133, Another applied possibility
is preparation of aqueous malt extract, which undergoes water-vapour distillation followed
by solvent extraction prior to gas chromatography - flame ionisation detection (GC-FID)*2.
Alternatively, mixing malt slurry with sodium chloride solution followed
by HS-SPME-GC-MS or selected ion flow tube mass spectrometry (SIFT-MS)*1, The above
mentioned studies?®110112 mainly focused on a wide spectrum of malt volatile compounds,
rather than on a selective quantification of a specific chemical group (e.g. carbonyl
compounds), whereas the target of others''%133 was, in particular, on aldehydes. The latter
allowed to predict the concentration range at which staling aldehydes may be present in pale
lager malts (for the comparison of quantified levels of aldehydes in pale lager malts via
different analytical methods, see Chapter 1, Table 1-3).

In our case, HS-SPME with on-fibre derivatisation, followed by GC-MS for quantification
of staling aldehydes has been already available within the Enzyme, Fermentation and Brewing
Technology (EFBT) research group, and has been applied previously on both beer model

37



CHAPTER 2

solutions and beer samples>®2% (see Figure 2-1). Therefore, this approach has been selected
as the technique of choice for the quantitative determination of aldehydes in pale malts.

STOCKS CALIBRATION POINTS
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HS-SPME WITH ON-FIBRE DERIVATISATION OF

i & E PFBHA FOLLOWED BY GC-MS IN NCI MODE |

SAMPLE -
l
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RESULT OF SEPARATION
AND DETECTION

Figure 2-1. Overview of the analytical approach for determination of marker aldehydes as described
by De Clippeleer?® and Baert>®.

With respect to sample preparation, in the review on ‘sample preparation techniques
for determination of trace residues and contaminants in foods’, Ridgway et al.?°! highlighted
the importance of an adequate and uniform sample preparation technique in order to obtain
trustful and repeatable results when analysing complex food matrixes (such as malt).
Therefore, this chapter focuses on the evaluation and optimisation of the sample preparation
technique followed by quantification of free aldehydes via HS-SPME-GC-MS.

2.2.2.1. HS-SPME with on-fibre derivatisation

The volatile fraction of malt is complex, consisting of i.a. carbonyl compounds, alcohols, acids,
and furans'®, Therefore, in order to enhance the method sensitivity and selectivity towards
aldehydes, a derivatisation reagent (0-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine
hydrochloride  (PFBHA)), which reacts with carbonyl compounds forming
pentafluorobenzyloximes (PFBOs) (see Figure 2-2) at ambient temperature in aqueous
solutions and at a wide pH range, was used?®’. An SPME fibre assembly (65 um
polydimethylsiloxane/divinylbenzene (PDMS/DVB)) was selected as the optimal fibre, since
its coating is characterised by a high affinity to the PFBHA3>293, The SPME yield was assured
by selecting an optimal temperature (30°C) and time (30 min) of the extraction process3>2%,
The combination of both parameters should lead to the highest possible SPME yield values
with diminished de novo formation of artefacts. To ensure the robustness of the method,
internal standard — consisting of stable isotope-labelled aldehydes — was spiked to all analysed
samples. This approach minimises HS-SPME variations since aldehydes concentrations are
obtained based on the peak area ratio, calculated as the ratio of the aldehyde peak area
to the internal standard peak area.
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Figure 2-2. Derivatisation reaction of an aldehyde with
0-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine (PFBHA) forming pentafluorobenzyloximes (PFBOs),
as described by De Clippeleer?® and Baert®.

2.2.2.2. GC-NCI-MS

Detection and quantification of the extracted aldehydes introduced to the GC column
in the form of aldehyde-PFBHA-oxime, can be carried out in the electron impact ionisation
(E1)29% or chemical ionisation (Cl) mode?%°. Comparison of the performance of both methods
on a beer matrix (levels of aldehydes in beer are similar to the levels in extract derived from
malt), demonstrated that El is not sufficiently selective to identify all aldehydes of interest?®,
Obtained in El mode, pentafluorobenzyl fragments were mostly analogous to the base peak
(pentafluorobenzyl fragment at m/z 181), which is non-specific for the original compound.
Additionally, this is a limiting factor for the use of isotope-labelled aldehydes as an internal
standard since the chromatographic separation is not sufficient for specific detection
of deuterated and their corresponding non-deuterated forms, which are coeluting.
In contrast, application of chemical ionisation (Cl) resulted in reduced fragmentation
of the aldehyde-PFBHA-oxime ion. Cl can be performed in a positive (PCl) or negative (NCI)
mode. In Cl primary electrons collide with reagent gas molecules (in this case methane)
yielding ions and secondary electrons. Due to the further collision of these molecules, various
positively and negatively charged molecular ions are formed. Positively charged ions have
higher energy, thus their fragmentation continues, while the negative ions are being stabilised
by a highly negative fluorine atom (from derivatization reagent). The proposed ion formation
of the PFBOs via NCI technique is presented in Figure 2-3. As a consequence, in NCI more
peaks related to the original aldehyde were present, which improved detection and also
allowed to distinguish isotope-labelled aldehydes from their corresponding non-deuterated
forms. Sensitivity and selectivity of the NCI method was further increased by performing
the analyses in SIM scan mode, instead of full scan mode (m/z 50-350)?°°. Among
the available fragments (see Table 2-1) the selected mass-to-charge ratios (m/z) were based
on the previous work of Baert®®: 247 (2-methylpropanal), 261 (2-methylbutanal and
3-methylbutanal), 270 (2-methylbutanal-dio), 241 (furfural), 275 (hexanal), 279 (methional),
287 (benzaldehyde-d¢), 268 (phenylacetaldehyde), and 315 (trans-2-nonenal)®®.
Representative chromatograms for each compound obtained from malt extract sample
spiked with an internal standard are presented in Figure 2-4.
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Furthermore, the previously optimised parameters influencing analytical GC-MS performance
have been selected for this study. An optimal reagent gas flow was found to be 1.5 mL/min,
as the highest intensity of all analysed ions was measured>®2%, An ion source temperature of
185°C was selected from the range 170-200°C, as the peak intensity of all measured aldehydes
was the highest while conducting the analysis at this temperature®®.

Table 2-1. Overview of mass-to-charge ratios (m/z) of characteristic ions from
pentafluorobenzyloximes (PFBOs) of selected beer staling aldehydes, obtained by negative chemical
ionisation. Data obtained from Baert®°.
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Figure 2-3. Proposed fragmentation positions by single-bond cleavage and ion formation of PFBOs,
formed by reaction between the derivatisation reagent PFBHA and an aldehyde, with negative
chemical ionisation (NCl), as described by De Clippeleer?®’, Baert>®, and Bustillo Trueba®.

41



CHAPTER 2

Figure 2-4. Representative GC—MS chromatograms of marker aldehydes present in malt extract
samples, spiked with internal standard (2-methylbutanal-di, and benzaldehyde-ds); monitored

in SIM mode.
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2.2. Materials and methods

2.2.1. Chemicals

Determination of free aldehydes in malt. Selected marker aldehydes 2-methylpropanal
(299%, CAS 78- 84-2), 2-methylbutanal (295%, CAS 96-17-3), 3-methylbutanal (297%, CAS
590-86-3), hexanal (298%, CAS 66-25-1), furfural (299%, CAS 98-01-1), phenylacetaldehyde
(295%, CAS 122-78-1), methional (297%, CAS 3268-49-3), and trans-2-nonenal (295%, CAS
18829-56-6) were purchased from Sigma-Aldrich, USA. Internal standard contained
a deuterated form of 2-methylbutanal (2-methylbutanal-dio, upon request, MercaChem,
The Netherlands) and benzaldehyde (benzaldehyde-ds, CAS 17901-93-8, Sigma-Aldrich, USA.
Aliquots of these aldehydes were spiked into absolute ethanol (299.5%, CAS 64-17-5, Merck
KGaA, Germany) and stored at-20°C in amber glass vials. The derivatisation reagent
0-(2,3,4,5,6-pentafluorobenzyl hydroxylamine hydrochloride)(PFBHA) (99%, CAS 57981-02-9)
was purchased from Sigma-Aldrich USA. SPME fibres (65 pHm
polydimethylsiloxane/divinylbenzene (PDMS/DVB)) were obtained from Supelco, USA.
Ultrapure type 1 grade (Milli-Q) water was used, which was obtained from Synergy 185
system from Millipore, France. All gasses (nitrogen, helium, and methane), as well as liquid
nitrogen were purchased from Air Liquide, Belgium. Sodium chloride (CAS 7647-14-5) was
purchased from Sigma Aldrich, USA.

Determination of cysteinylated aldehydes in malt. Cysteinylated aldehydes,
2-isopropylthiazolidine-4-carboxylic  acid (2MP-CYS  299%, CAS 14347-75-2),
2-(sec-butyl)thiazolidine-4-carboxylic acid (2MB-CYS 2>99%, CAS 1214831-88-5),
2-isobutylthiazolidine-4-carboxylic  acid (3MB-CYS >98%, CAS 215669-71-9),
2-(2-(methylthio)ethyl)thiazolidine-4-carboxylic acid (METH-CYS >99%, CAS 53943-83-2),
2-benzylthiazolidine-4-carboxylic acid (PHEN-CYS >94%, CAS 50739-30-5),
2-pentylthiazolidine-4-carboxylic acid (HEX-CYS 2>92%, CAS 69588-05-2), and
2-(furan-2-yl)thiazolidine-4-carboxylic acid (FUR-CYS >99%, CAS 72678-98-9) were
synthesised according to Ershov’s methodology 2% as described by Bustillo Trueba et al. 2%7.
Citric acid monohydrate (299.5%, CAS 5949-29-1), boric acid (299.5%, CAS 10043-35-3),
tri-sodium phosphate dodecahydrate (298%, CAS 10101-89-0), dehydrated calcium chloride
(CaCl; 295.0%, CAS 10043-52-4), (L)-lactic acid (=90.0 %, CAS 50-21-5), and formic acid LC-MS
grade (298%, CAS 64-18-6) were purchased from Merck, Germany. LC-MS grade acetonitrile
(CAS 75-05-8) was acquired from Biosolve Chemie, France.

2.2.2. Instrumental conditions for HS-SPME with on-fibre carbonyl
derivatisation, followed by GC-MS

The investigated aldehydes - 2-methylpropanal (2MP), 2-methylbutanal (2MB),
3-methylbutanal (3MB), methional (MET), phenylacetaldehyde (PHE), furfural (FUR), hexanal
(HEX), and trans-2-nonenal (T2N) - were determined by HS-SPME with on-fibre carbonyl
derivatisation, followed by GC-MS according to De Clippeleer?® and Baert>®. The procedure
started with conditioning of the PDMS/DVB fibre, which was installed on the arm
of a CombiPAL autosampler (CTC Analytics AG, Switzerland). The assigned vial was
automatically transferred from the cooling tray at 5°C to the agitator at 30°C, where internal
standard (20 pg/L of 2-methylbutanal-dip and 2 pg/L of benzaldehyde-ds) was added. Sample
was then homogenised by shaking at 500 rpm for 2 min (cycles of 5 s shaking, 2 s rest).
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Simultaneously, a PDMS/DVB fibre was exposed for 10 min to the headspace of the
derivatisation reagent (1 g/L PFBHA aqueous solution) while being shaken at 250 rpm (cycles
of 5 s shaking, 2 s rest). In the next stage, the fibre loaded with PFBHA was exposed for 30 min
to the sample’s headspace, whereby the reaction between the derivatisation reagent and
carbonyl compounds was taking place, forming pentafluorobenzyl oxime (PFBO) derivatives.
Sample was shaken 250 rpm (cycles of 5 s shaking, 2 s rest). Afterwards, carbonyl compounds
in the form of PFBOs were thermally desorbed for 3 min at 250°C in the injector of a Focus GC
Gas Chromatograph (Thermo Fisher Scientific Inc., USA). Liner volume was 0.5 mL. The inlet
was set up to the split mode with a split flow of 10 mL/min and a split ratio of 12. Compounds
were carried through the Rtx-1 Crossbond 100% dimethyl polysiloxane capillary column (40 m
length, 0.18 mmi.d., 0.20 um film thickness, Restek, USA) by the carrier gas (helium) at a flow
rate of 0.8 mL/min. The GC oven temperature program started at 50°C for 2 min, followed
by an increase of 6°C/min up to 250°C; in the last phase, the temperature was maintained for
5 min. The temperature of the transfer line between GC and mass spectrometer (MS) was
held at 260°C. Detection was achieved using an ISQ™ Single Quadrupole Mass Spectrometer
(Thermo Fisher, USA) operating in negative chemical ionisation mode (NCl), with the ion
source temperature at 185°C. Methane was used as the reagent gas, with a flow rate
of 1.5 mL/min. The following parameters of MS were set: electron lens - 1.5 V; electron
energy - 70 eV; emission current - 50 pA; detector gain 3.00 x 10°. The detection and
guantification were performed in Selected lon Monitoring (SIM) mode, by choosing one
characteristic ion with a negative charge per compound. The following m/z values were
selected: 247 (2MP), 261 (2MB and 3MB), 270 (2MB-d10), 241 (FUR), 275 (HEX), 279 (MET),
287 (benzaldehyde-dg), 268 (PHE), 315 (T2N). XCalibur™ (Thermo Electron Corporation, USA)
was used for data processing.

2.2.3. Detection and quantification of aldehydes in aqueous model solutions
via HS-SPME GC-MS - method validation

Authentic reference compounds of eight staling aldehydes were purchased from
Sigma-Aldrich, USA (see section 2.2.1). First, eight individual standard stocks were prepared
by transferring an aliquot of the authentic reference compound to ethanol. Accordingly, each
stock contained a single aldehyde in the range of mg/L. Next, these individual standard stocks
were used for preparation of seven calibration standards. The latter were obtained by mixing
aliquots of the individual standard stocks and further diluting them in ethanol to the required
concentration (ug/L range). The concentration range of each aldehyde was selected based
on the expected aldehyde levels in pale malt extracts, according to the literature!1:133.208 gnd
to the values obtained from our preliminary study. All stocks and calibration standards were
stored at -20°C in 15 mL amber glass screw-capped bottles.

Further, the calibration samples were prepared by spiking 40 pL of the calibration standard
to 10 mL of Nj-flushed Milli-Q water. The seven calibration samples were always freshly
prepared in 20 mL amber glass GC-vials and were closed with magnetic bimetal crimp caps
containing polytetrafluoroethylene (PTFE)/silicone septa (Interscience, Belgium).
Concentration ranges obtained in the calibration samples after 250-fold dilution are
presented in Table 2-2. Sample preparation was performed under oxygen-limited conditions
in the anaerobic workstation (Whitley Anaerobic Workstation A100 model B, Don Whitley
Scientific Ltd., UK).
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Table 2-2. Concentration ranges of individual aldehydes in calibration samples obtained by 250-fold
dilution of stock standard solution.

Concentration range

Compound in calibration samples
(pg/L)
2-methylpropanal 2.07 -59.83
2-methylbutanal 2.15-39.22
3-methylbutanal 5.24-57.20
hexanal 2.16-36.01
furfural 0.25-14.72
methional 0.21-14.64
phenylacetaldehyde 2.11-33.46
trans-2-nonenal 0.55-20.80

Calibration of all selected marker aldehydes was performed via external calibration, whereas
matrix effects were controlled by spiking internal standard to the samples (IS; 20 pg/L
of 2-methylbutanal-dio and 2 pg/L of benzaldehyde-ds). IS was added to all types of samples,
including calibration samples, malt extracts and quality control samples. 2-Methylbutanal-dio
was used to quantify 2-methylpropanal, 2-methylbutanal, 3-methylbutanal, and hexanal,
whereas benzaldehyde-deé was applied for quantification of furfural, methional,
phenylacetaldehyde, and trans-2-nonenal. Differences among internal standard peak areas
did not exceed 7% (for both deuterated aldehydes) across different calibration points and
malt extracts (data not shown). This indicates that the matrix has only a minor effect
on volatilisation and subsequent quantification.

The method was evaluated in terms of linearity, goodness of fit, limit of detection (LOD), limit
of quantification (LOQ), accuracy, and repeatability?°>=2!1, Linearity was determined by fitting
the linear calibration curve y = ax + b, where peak area ratio (y) was plotted as a function
of analyte concentration (x). Goodness of fit (R) was based on the square root of calculated
coefficient of determination (R?). LOD was determined as 3Su/S, where Sy is the standard error
of the intercept of the vertical axis and S is the slope of the calibration curve. LOQ was
calculated as 10Sp/S. Accuracy was expressed as the mean value of the recovery (%)
of 10 separate replicates, thus samples containing Milli-Q water and authentic reference
compounds in concentrations expected in pale lager malts (14.54 pg/L of 2MP, 13.47 pg/L
of 2MB, 30.71 pg/L of 3MB, 5.83 pg/L of HEX, 3.22 ug/L of FUR, 2.29 pg/L of MET, 12.79 ug/L
of PHE, 3.35 pg/L of T2N). Repeatability was presented as the relative standard deviation
(RSD in %) of 10 separate replicates analysed under the same conditions.

2.2.4. Investigation of extraction conditions for the analysis of aldehydes
in malt

In all performed experiments, prior to HS-SPME-GC-MS analysis, malt extract was prepared
in a standardised manner by mixing malt grist (fine milling applied by analytical mill A10, IKA,
UK) with Na-flushed Milli-Q water for a certain period of time at a set temperature. The
mixture was prepared in a serum bottle closed with a sealed, aluminium crimp cap. Then,
after 15 min of sedimentation, 10 mL of suspension were transferred to a 20 mL GC-vial. The
vial was closed with sealed, aluminium crimp cap and the sample was further subjected to
HS-SPME-GC-MS analysis. All samples, except for samples in the ‘oxygen study’ and
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‘extraction temperature study’, were prepared under nitrogen gas in an anaerobic
workstation. Five extraction parameters were investigated: sample amount, extraction time
and temperature, ultrasonication time and extraction in oxygen-limited conditions. In order
to study the influence of sample amount on extraction of aldehydes, 50 g of malt were freshly
milled, out of which 0.5 g, 1.0 g, 20 g, 3.0 g, 5.0 g or 10.0 g were mixed with 100 mL
of Na-flushed Milli-Q water. The impact of extraction temperature was evaluated by adding
previously heated Milli-Q water (20°C, 40°C, 50°C, 60°C or 70°C, respectively) to the milled
malt. The contact stage was maintained at the desired temperature during the full extraction
time. Before transferring extract to a GC-vial, the solution was immediately cooled down
to approx. room temperature using an ice bath. The effect of stirring time on aldehyde
extraction was examined by stirring the extract for 0 min, 5 min, 10 min, 15 min, 30 min,
45 min, 60 min or 90 min, respectively. The results were compared with ultrasonication
for 0.5 min, 1 min, 2 min, 5 min or 15 min, respectively. Finally, the influence of oxygen-limited
conditions on extraction of aldehydes was investigated by carrying out sample preparation
under oxygen-limited conditions in an anaerobic workstation (120 * 43 ppb of O, measured
by c-TPO, Haffmans/Pentair, Germany) and under aerobic conditions, respectively.

2.2.5. Evaluation of the salting-out effect on SPME extraction of aldehydes

The salting-out effect was studied by adding 0.5 g, 1.0 g or 2.0 g of NaCl to corresponding
GC-vials prior to transferring 10 mL of malt extract and subjecting the sample for
HS-SPME-GC-MS analysis. Malt extract was prepared according to the optimised sample
preparation parameters (including sample amount, extraction time and temperature, as well
as oxygen-limited conditions).

2.2.6. Analysis of method intermediate precision of optimised malt extraction,
combined with HS-SPME-GC-MS analysis

In order to assess the intermediate precision of the method, an extract of a pale lager malt
was prepared according to the optimised conditions in this chapter (see results section 2.3.4)
Next, 10 mL of the supernatant were transferred to 20 mL GC-vial and were subjected
to HS-SPME-GC-MS analysis. The analysis was performed in triplicate. The above described
procedure (including preparation of malt extract and determination of aldehydes) was
repeated seven times, by two independent researchers, on the same equipment, over
a period of approx. 2 months. From each series (one malt extract and three GC-MS
measurements), a mean value was calculated. The intermediate precision was based
on the relative standard deviation (RSD) from the mean values of the seven repetitions 29% 211,

2.2.7. Method application to various industrial pale malts

All malt samples were provided by Boortmalt Antwerp, Belgium.

The optimised extraction method followed by HS-SPME-GC-MS analysis was applied on six
industrial-scale pale malts: A - six-row winter barley Etincel, produced according to the pale
malt standard malting procedure; B - six-row winter barley Etincel, kilning-off at 95°C;
C - two-row spring barley Passarel, with additional sulphuring during drying of green malt;
D - two-row spring barley Passarel, produced according to the pale malt standard malting
procedure; E - two-row spring barley Irina, with asphyxiation of green malt prior to drying;
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F - two-row spring barley Irina, produced according to the pale malt standard malting
procedure. The applied kilning-off temperature of the standard protocol was 85°C.

2.2.8. Determination of moisture content of malt

For all analysed malt samples, moisture content was determined according to the EBC 4.2
method in order to express the obtained aldehyde concentrations on a dry weight basis.

2.2.9. Determination of the content of cysteinylated aldehydes by UPLC-MS

The following cysteinylated aldehydes were determined in pale malt samples:
2-isopropylthiazolidine-4-carboxylic acid (2MP-CYS), 2-(sec-butyl)thiazolidine-4-carboxylic
acid (2MB-CYS), 2-isobutylthiazolidine-4-carboxylic acid (3MB-CYS),
2-(2-(methylthio)ethyl)thiazolidine-4-carboxylic acid (MET-CYS),
2-benzylthiazolidine-4-carboxylic acid (PHE-CYS), 2-(furan-2-yl)thiazolidine-4-carboxylic acid
(FUR-CYS), and 2-pentylthiazolidine-4-carboxylic acid (HEX-CYS). Determination was carried
out by ultra-high-performance liquid chromatography (UPLC) coupled with mass
spectrometry (MS) according to the protocol described by Bustillo Trueba et al.332%7,
For the extraction of cysteinylated aldehydes from malt, 5 g of freshly and finely milled malt
was mixed with 95 g of Milli-Q water. The solution was agitated at 200 rpm for 5 min
at ambient temperature (Grant-Bio Multifuncional PSU20-I Orbital Shaker, UK). Then
the mixture was centrifuged primarily at 9,000 rmp for 10 min at 10°C (Hettich Zentrifugen
Universal 320R, Germany), and secondly at 11,000 rmp for 5 min at 10°C (Eppendorf
centrifuge 5424R, Belgium). The supernatant was filtered through a SPARTAN HPLC Syringe
filter (regenerated cellulose, 13 mm syringe filter, 0.2 um pore size). An aliquot of 1 mL was
transferred to a 2 mL amber LC vial closed with a screw cap with PTFE septum. Calibration
curves were prepared by dissolving standards (synthesised by Paula Bustillo Trueba et al.?%7)
in a solution of Carmody buffer (pH = 9) in a concentration range 1-1,000 ug/L. For each
cysteinylated aldehyde, linear calibration fittings were obtained.

2.2.10. Method adaptation for malting samples of varying moisture content

Barley and samples coming from different stages of malting process such as green malt,
partially kilned malt as well as finished malt, vary to a high extent in biochemical properties,
water content, and friability. These affect milling properties of the material, resulting
in e.g. formation of a heterogeneous paste while grinding green malt, which may lead
to reduced availability of aldehydes for extraction. Therefore, in order to facilitate
comparison of data obtained on different types of malting samples, a freeze-drying technique,
also applied by other researchers on green malt and spent grains!'9177.212 \as tested on three
types of malting samples, containing high (43.1%), moderate (13.1%), and low moisture
(4.7%) content, respectively. Samples were milled and freeze-dried for 2h, 4h, 6h, 8h or 10h,
respectively. The water content (see 2.2.8), levels of free aldehydes (according to
the optimised HS-SPME-GC-MS method) and levels of cysteinylated aldehydes (see 2.2.9)
were determined. Milling and sample transfer operations were carried out at low
temperature (approx. -20°C) to minimise the loss of compounds and to prevent the formation
of artefacts.

Freshly collected samples were immediately frozen at -20°C. Further sample transport and
storage were also conducted at this low temperature. The sample preparation procedure
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began with 250 g of grain being submerged in liquid nitrogen. Next, frozen kernels were milled
and the slurry was immediately transferred to six round-bottom flasks (each containing
approx. 40 g of milled grain), closed with parafilm, and stored at -20°C. Then, the material was
freeze-dried for 2h, 4h, 6h, 8h or 10h, respectively. After this time, it was milled for the second
time. All malt powders were stored in amber glass, nitrogen flushed containers at -20°C.

2.2.11. Statistical analysis

Results are presented as mean values (n=3). For each individual aldehyde, quantified
concentration values were expressed as the % of the maximum value obtained under
particular conditions of the extraction. This allowed a more comprehensive comparison
among the results obtained for all compounds since free aldehydes in malt are present in
different concentration ranges. Statistical significance was analysed by the Student’s t-test
(comparing two variables) and by One-way ANOVA followed by Tukey’s HSD post-hoc test
(comparing more than 2 variables). In both cases, p-value <0.05 was considered statistically
significant. Following software was used for the statistical analysis: Excel 365 (Microsoft, USA)
and SPSS Statistics 26 (IBM, USA).
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2.3. Results and discussion

2.3.1. Detection and quantification of aldehydes in aqueous model solutions
via HS-SPME-GC-MS

Calibration was based on model solutions, where reference compounds were spiked
at different concentrations into N,-flushed Milli-Q water. For each marker aldehyde, a 7-point
calibration curve was plotted and evaluated with respect to: linearity (slope, intercept,
standard error of the slope and intercept, correlation coefficient), LOD, LOQ, precision, and
accuracy (see 2.2.3). Calibration curves obtained for all carbonyls of interest were of linear
character in the concentration ranges expected for pale malts, which was indicated
by correlation coefficients values (> 0.9988) (see Table 2-3). LOD and LOQ values depended
on the analysed compound and ranged from 0.28 pg/L to 0.99 pg/L and 0.92 pg/L
to 3.31 pg/L, respectively. Precision, presented as the relative standard deviation (%)
of 10 replicates (solution of water spiked with a known concentration of reference
compounds in concentrations to be expected in pale malts), did not exceed 5.3%,
demonstrating repeatability within the sample. Accuracy (trueness of the measurement
based on 10 replicates) deviated by max. + 5%.

Table 2-3. Validation of method for quantification of free aldehydes in model solution
in concentration ranges expected in pale lager malts via HS-SPME-GC-MS.
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2MP 0.00-59.83 0.894 -0.297 0.006 0.150 0.9999 0.50 1.68 4.8 105
2MB 0.00-39.22 1364 -0.523 0.013 0.237 0.9998 0.52 1.73 2.3 102
3MB 0.00-57.20 2.556 -0.419 0.028 0.847 0.9997 0.99 3.31 3.4 103
HEX 0.00-36.01 3.148 -0.943 0.024 0.378 0.9999 0.36 1.20 5.3 95
FUR 0.00-14.72 0.747 0352 0.009 0.069 0.9995 0.28 0.92 3.4 103
MET 0.00-14.64 0.104 0.003 0.001 0.010 0.9994 0.30 0.99 5.2 95
PHE 0.00-33.46 0.040 0.006 0.001 0.006 0.9998 0.46 1.53 4.4 96
T2N 0.00-20.80 13.794 -6.102 0.298 2.805 0.9988 0.61 2.03 1.3 99

2MP = 2-methylpropanal, 2MB = 2-methylbutanal, 3MB = 3-methylbutanal, MET = methional, PHE = phenylacetaldehyde,
FUR = furfural, HEX = hexanal, T2N = trans-2-nonenal.

2.3.2. Investigation of extraction conditions for the analysis of aldehydes
in malt

In order to optimise the sample preparation technique, we aimed at the highest possible
extraction rate of selected marker aldehydes present in pale malt. Nevertheless,
the extraction might be affected by the differences among aldehydes, such as their physico-
chemical properties (e.g. volatility, polarity, etc.) and chemical structure (e.g. short-chain,
aromatic ring, saturation, etc.). Therefore, in order to minimise the possibility of favouring
extraction of any particular aldehyde during sample preparation, as well as to prevent de novo
formation of aldehydes, every extraction parameter was investigated individually.
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2.3.2.1. Sample amount

In order to achieve a high extraction yield and high sample homogeneity, the effect
of the amount of malt taken for sample preparation was investigated. The content of free
aldehydes was evaluated in samples containing 0.5 g to 10.0 g of milled pale malt in 100 mL
of Np-flushed Milli-Q water (see Section 2.2.4). For each determined aldehyde, as illustrated
in Figure 2-5, a decrease in the efficiency of extraction was observed, when 2.0 g or more
of milled malt was taken. Most of the investigated aldehydes (5 out of 8), reached the highest
extraction rate at 0.5 g/100 mL. However, some compounds (phenylacetaldehyde, furfural
and, in particular, methional) reached their maximum extraction concentrations when
somewhat larger sample size was applied (1.0 g - 2.0 g). Aiming at high sample homogeneity
and, thus representativeness, as well as maximal extraction of aldehydes, a consensus had
to be reached regarding sample size selection. As presented in Figure 2-5, while applying 1.0 g
of malt in 100 mL of water, the difference (spread) between the highest and the lowest point
on the y-axis (relative concentration recalculated to malt dry mass) is the smallest. As a result,
this sample size was selected for further optimisation of the extraction procedure.
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Figure 2-5. Influence of sample amount on the extraction of free aldehydes from pale malt samples.

Expressed as % of the maximum concentration (concentration of the compound/concentration of the corresponding internal
standard). Horizontal axis indicates the sample amount in grams. Statistical analysis of concentration of aldehydes for each
compound is by HSD Tukey’s, which distinguishes statistically different (p <0.05) mean values (groups a, b, c, d, e).
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2.3.2.2. Extraction temperature

In this section, extraction of aldehydes in temperature ranging from 20°C up to 70°C
is evaluated (see Section 2.2.4). This experiment, in contrary to others, have been carried out
in aerobic conditions due to technical reasons. In general, concentrations of individual marker
aldehydes increased with an increase in extraction temperature, except for hexanal and
trans-2-nonenal (see Figure 2-6). A considerable decrease at elevated temperatures (60°C and
70°C) in levels of these fatty acid oxidation aldehydes may be related to partial inactivation of
catalysing the oxidation lipoxygenase enzymes!’3, as well as to the lower oxygen content in
warmer water (the experiment was carried out in aerobic conditions). Levels of all aldehydes
reached maximum values at 50°C, however we suspect that this may be due to de novo
formation of carbonyl compounds, in particular, furfural, hexanal, and trans-2-nonenal. For
example, Maillard reactions, proceeds faster at higher temperatures (e.g. >50°C), enhancing
formation of furfural®2. Also, enzymatic oxidation of unsaturated fatty acids may be promoted
at temperatures close to the conditions regarded as optimal for lipoxygenase enzymes (47°C,
pH=6)?13, The effect of temperature on the extraction of Strecker aldehydes was negligible;
no significant difference was found while carrying out the extraction at 20°C and 40°C (group
a), as well as at 50°C, 60°C and 70°C (group b and/or group c). Considering behaviour of all
studied compounds, and in particular, because of relatively high extraction rates, 20°C was
chosen as temperature for extraction of aldehydes from malt samples.
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Figure 2-6. Effect of temperature on extraction of free aldehydes from pale malt samples.

Horizontal axis indicates extraction temperature in Celsius degrees (°C). Statistical evaluation of concentration of aldehydes
for each compound is by HSD Tukey’s, which distinguishes statistically different (p<0.05) mean values (groups a, b, c).
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2.3.2.3. Stirring time

The influence of stirring time (0 min - 90 min) (see also Section 2.2.4) on the extraction of free
aldehydes from pale malt was investigated. Within the first 5 min of extraction,
concentrations of all studied aldehydes reached their maximum value, except
for trans-2-nonenal (see Figure 2-7). The highest measured value of trans-2-nonenal was
determined after 15 min of stirring. Moreover, stirring for longer than 15 min had
an insignificant effect on the extraction of all selected free aldehydes (data not shown).
Therefore, aiming at the highest extraction of all studied aldehydes from malt matrix, 15 min
was selected as the preferred stirring time.
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Figure 2-7. Influence of stirring time on extraction of free aldehydes from pale malt samples.

Horizontal axis indicates the stirring time in minutes. Statistical evaluation of concentration of aldehydes for each compound
is by HSD Tukey’s, which distinguishes statistically different (p<0.05) mean values (groups a, b, c).
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2.3.2.4. Ultrasonication vs stirring

Ultrasonication is a well-established method for improved extraction of various components
since the effect of acoustic cavitation facilitates release of compounds and accelerates mass
transport between biological cells and solvent?!4. Therefore, different ultrasonication times
(0.5 min - 15 min) (see 2.2.4) were tested on aldehyde extraction from malt. As presented
in Figure 2-8, concentrations of all quantified aldehydes increased as a function of time.
In comparison to the other evaluated aldehydes, extraction of phenylacetaldehyde,
methional, and trans-2-nonenal seem to improve from the first moment of ultrasonication,
to reach maximum after 5 min and remine at a high level after 15 min. Conversely, levels
of 2-methylpropanal, 2-methylbutanal, 3-methylbutanal, hexanal, and furfural increased
significantly (p<0.05) over the time of ultrasonication. Therefore, since the highest levels of all
aldehydes were obtained after 15 min, this ultrasonication time was selected as preferred.
In addition, when comparing ultrasonication for 15 min with vigorous stirring for 15 min
(which previously was selected as an optimal extraction time (see Section 2.3.2.3)), stirring
resulted in higher levels of 2-methylpropanal, 2-methylbutanal, 3-methylbutanal, and
methional. Consequently, stirring for 15 min was selected as a preferred mixing/extraction
method.
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Figure 2-8. Influence of ultrasonication time on extraction of free aldehydes from pale malt samples.

Horizontal axis indicates extraction time in minutes. Statistical evaluation of concentration of aldehydes for each compound
is by HSD Tukey’s, which distinguishes statistically different (p<0.05) mean values (groups a, b, c, d).
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2.3.2.5. Oxygen-limited conditions vs ambient conditions

Oxygen plays an important role in several chemical pathways resulting in formation of various
aldehydes. For example, oxidative reactions may lead to the formation of hexanal and
trans-2-nonenal (oxidation of unsaturated fatty acids)’, as well as to generation of Strecker
aldehydes i.a. phenylacetaldehyde, 2-methylbutanal, and 3-methylbutanal (via direct
oxidation of amino acids)®. Therefore, in this section we have investigated to what extent
ambient conditions could impact formation of aldehydes (artefacts) when extracting
carbonyls from malt, compared to performing sample preparation under oxygen-limited
conditions.

Results presented in Figure 2-9, show that sample preparation carried out under ambient
conditions affected 5 out of 8 marker aldehydes. In particular, clearly higher levels of hexanal
(approx. 3-fold) were measured in samples prepared under ambient conditions. This may
be explained by de novo formation of hexanal during extraction. Moreover, at ambient
conditions higher levels of furfural and methional were measured, whereas lower levels
of phenylacetaldehyde and trans-2-nonenal. Regarding the latter, at this stage
the explanation of these results is not straightforward. Nevertheless, based on the overall
picture of all studied staling aldehydes, sample extraction under oxygen-limited conditions
prevents/minimises formation of the so-called artefacts, thus it has been selected
as an optimised extraction parameter.
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Figure 2-9. Influence of oxygen-limited vs ambient conditions during sample preparation
on extraction of marker aldehydes from pale malt.

Statistical comparison is presented as the result of the Student’s t-test with a confidence level of 0.95; NS — non-significant
difference; x-axis — aldehydes; y-axis — concentration of aldehydes.
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2.3.3. Evaluation of salting-out effect on SPME extraction of aldehydes

Addition of sodium chloride to sample prior to SPME analysis of volatile compounds
is a commonly applied technique to increase extraction from headspace, as the ionic strength
influences partition coefficient between gas phase and liquid phase'®?>, Therefore,
the effect of the addition of different amounts of NaCl to the GC-vial (0.5 g - 2.0 g of NaCl)
with malt extract was tested (see Section 2.2.5).

The results show that the addition of NaCl do not have a major impact on levels of marker
aldehydes, as there was no significant difference between analysed variants (group a)
(see Figure 2-10). Furthermore, in the case of trans-2-nonenal, standard deviation between
replicates exceeded 20%, when NaCl was added. As a result, addition of NaCl was rejected
for the further experiments.
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Figure 2-10. Influence of the salting-out effect on the extraction of free aldehydes from pale malit.

Horizontal axis indicates the amount of NaCl added to the GC-vial in grams. Statistical evaluation of concentration of
aldehyde for each compound is by HSD Tukey’s, which distinguishes statistically different (p<0.05) mean values (group a).
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2.3.4. Analysis of method intermediate precision

The aim was to estimate the method intermediate precision by applying the optimised sample
preparation procedure (1.0 g of fine milled pale malt in 100 mL of N,-flushed Milli-Q water,
extracted for 15 min at 20°C, under oxygen-limited conditions) on a pale malt sample
(for details see, Section 2.2.6). Intermediate precision measured as relative standard
deviation (RSD) (n=7), for all compounds, have not exceed 20% (see Table 2-4). This
is a satisfactory outcome, especially since malt during storage may undergo a variety
of (bio)chemical transformations. Hence, the RSD values might be considered as a combined
result of method variance, and changes in the volatile composition of the malt sample during
malt storage.

Table 2-4. Evaluation of method intermediate precision.

Parameter 2MP 2MB  3MB HEX FUR MET PHE T2N  SUM
Concentration 555 5335 37977 641 317 222 1,243 290 8,828
(ng/kg dm)

RSD 17 18 15 12 14 16 9 15 11

(%)

RSD — relative standard deviation of analysis repetition (n =7) on the same pale malt sample.

2.3.5. Method application on industrial-scale pale malts

As previously shown by other authors”#32, malt may be considered as a primary source
of staling aldehydes introduced with raw materials to the brewing process. Consequently,
adequate quantitative determination of these compounds in malt is of primary importance
in relation to beer quality.

In this part of the thesis, the optimised extraction procedure, followed by HS-SPME-GC-MS,
was applied on various industrial-scale, pale malt samples (A-F), in order to compare their
free aldehyde profiles. For details on the samples see section 2.2.10. The results, summarised
in Figure 2-11, show statistically significant variations between different malt samples
in relation to the levels of individual aldehydes. In general, the sum of free aldehydes varied
among all samples from 8,064 pg/kg dm (sample A) to 23,515 pg/kg dm (sample B). Regarding
individual aldehydes, 3-methylbutanal was always found in the highest concentrations
(varying from 2,834 pg/kg dm to 8,218 ug/kg dm), while trans-2-nonenal in the lowest
(from 210 pg/kg dm to 580 pg/kg dm). This is in accordance with the outcomes
of De Clippeleer et al.'?, who also measured beer staling aldehydes in malt applying a similar
analytical method (HS-SPME-GC-MS on a malt extract).

Strecker aldehydes were found in the subsequent ranges: 2-methylpropanal:
1,190-3,469 pg/kg dm, 2-methylbutanal: 980-2,834 pug/kg dm, 3-methylbutanal:
2,834-8,218 ug/kg dm, methional: 383-1,298 pug/kg dm, and phenylacetaldehyde
481-5,105 pg/kg dm, respectively. These ranges are similar to the ones reported by other
authors, regardless of the applied analytical method®'1-113, Moreover, the analysis
of Strecker aldehydes showed that, independent of a malt sample, there is a positive
correlation among all Strecker aldehydes, ie. the higher the concentration
of 3-methylbutanal, the higher the concentration of the remaining Strecker aldehydes.
Correlation coefficients (calculated based on the data of the six analysed in this section malts)
of 3-methylbutanal concentration as a function of individual Strecker aldehydes were as
follow: 0.99 for 2-methylpropanal, 0.99 for 2-methylbutanal, 0.84 for methional, and 0.93 for
phenylacetaldehyde. Similarity in the behaviour of Strecker aldehydes may be explained by
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analogous formation pathways and by related chemical nature of the involved compounds?’.
The highest content of 3-methylbutanal and, therefore, Strecker aldehydes was determined
in sample B while the lowest in sample A (it is to be expected as sample B received the highest
heat load being kilned-off at 95°C).

Furthermore, concentration of Maillard reaction product — furfural — ranges from
391 pg/kg dm to 1,116 pug/kg dm. In samples A, C, D, F the measured levels were similar,
in contrast to malts B and E, when values were significantly higher (p<0.05). This could
be explained by the higher processing temperatures during malting of B (kilning-off at 95°C)
and E (no cooling during grain asphyxiation) since higher heat load index was found
to be related to the increased furfural levels?®.

Regarding fatty acid oxidation aldehydes, higher amounts of hexanal were found in samples
A, C, D, F, whereas levels in malts B and especially E were significantly lower (p<0.05).
On the other hand, a significantly higher concentration (p<0.05) of trans-2-nonenal was
measured in malt B compared to other malts. A similar differential behaviour in testing pale
malt samples between hexanal and trans-2-nonenl has been reported previously®.
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Figure 2-11. Levels of marker aldehydes (pug/kg dm) in various industrial scale, pale malts.

Statistical analysis of concentration of aldehydes for each compound is by HSD Tukey’s, which distinguishes statistically
different (p <0.05) mean values (groups a, b, c, d). Malts: A - six-row winter barley Etincel, produced according to pale malt
standard malting procedure; B - six-row winter barley Etincel, kilned-off at 95°C, C - two-row spring barley Passarel, with
additional sulphuring during drying of green malt; D - two-row spring barley Passarel, produced according to pale malt
standard malting procedure; E - two-row spring barley Irina, with asphyxiation of green malt prior to drying; F - two-row
spring barley Irina, produced according to pale malt standard malting procedure. 2MP = 2-methylpropanal, 2MB = 2-
methylbutanal, 3MB = 3-methylbutanal, MET = methional, PHE = phenylacetaldehyde, FUR = furfural, HEX = hexanal, T2N =
trans-2-nonenal.

2.3.6. Method adaptation for samples of varying moisture content

Three types of samples coming from different stages of malt production (green malt, partially
kilned malt, and finished malt) and varying in water content (43.1%, 13.1%, and 4.7%,
respectively) were subjected, prior to malt extract preparation, to a ‘pre-treatment step’ -
freeze-drying and subsequent milling. Each sample was freeze-dried for Oh, 2h, 4h, 6h, 8h or
10h to reduce its water content facilitating further grinding, which decreases particle size, and
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as a consequence, should enhance extraction of compounds from malting samples.
Determination of water content of freeze-dried samples, as well as measurements of free and
cysteinylated aldehydes levels, were carried out.

Evolution of milling properties of each sample type was assessed by visual inspection with
the focus on particle size (see Figures 2-12 to 2-14). Green malt, which originally contained
approx. 43% of water was difficult to mill as it was creating an inhomogeneous paste
containing large fragments of grain. Freeze-drying improved the milling properties (compare
Figure 2-12-A and B) and resulted in a relatively homogeneous, fine powder
(see Figure 2-12-C). Similarly, partially kilned malt, which originally contained approx. 13%
of moisture, was inhomogeneous upon milling, as husk and endosperm were still
distinguishable (see Figure 2-13-A). Freeze-drying, followed by milling enabled production
of a relatively homogeneous powder (see Figure 2-13-B and C). In contrast, no improvement
was observed in the case of finished malt (approx. 4.7%) as a result of freeze-drying (see
Figure 2-14), since already the first milling of malt (see Figure 2-14A) resulted in a fine,
homogeneous powder.

Figure 2-12. Visual analysis of freeze-dried and subsequently milled, green malt (original moisture

content of approx. 43%) with focus on particle size.
Samples obtained after Oh (A), 6h (B) and 10h (C) of freeze-drying and subsequent milling.

B

Figure 2-13. Visual analysis of freeze-dried and subsequently milled, partially kilned malt (original

moisture content of approx. 13%) with focus on particle size.
Samples obtained after Oh (A), 6h (B) and 10h (C) of freeze-drying and subsequent milling.

A

Figure 2-14. Visual analysis of freeze-dried and subsequently milled finished malt (original moisture

content of 4.7%) with focus on particle size.
Samples after Oh (A), 6h (B) and 10h (C) of freeze-drying and subsequent milling.
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Freeze-drying gradually decreased moisture content of all subjected samples (see Figure 2-
15). During 10h of treatment, moisture of green malt decreased from 43.1% to 2.6%, while
moisture content of partially kilned malt and finished malt decreased from 13.1% to 2.9%,
and 4.7% to 1.7%, respectively.
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Figure 2-15. Decrease in moisture content during freeze-drying, determined in green malt, partially
kilned malt and finished malt, respectively.

Free aldehydes were determined in all freeze-dried samples (see Figure 2-16). In the case
of green malt, generally, the longer freeze-drying resulted in higher extraction of free
aldehydes from the prepared malt powder, except for methional and furfural, which were not
detected in any sample (<LOD). The highest values were obtained in the samples which were
subjected to freeze-drying for 8h and 10h, and no significant differences between the values
obtained for these two samples were noticed. The observed increase in the determined
values of aldehydes is most likely due to the decrease in particle size upon milling
(see Figure 2-12), thus increased surface area and a more efficient extraction during sample
preparation for HS-SPME-GC-MS analysis. Moreover, the proposed pre-treatment
(lyophilisation with subsequent milling) allowed detection of 2-methylbutanal, which was not
detected in non-freeze-dried (Oh) and shortly freeze-dried (2h - 4h) samples. The highest
extraction of aldehydes in the shortest time of pre-treatment was achieved after 8h of green
malt freeze-drying (4.1% of moisture content). Similar outcomes were obtained for partially
kilned malt, for which initial moisture was at a moderate level (13.1%). Thus, again, methional
and furfural were not detected (<LOD) in any sample, while the content of other extracted
aldehydes increased up to 6h of freeze-drying. Therefore, freeze-drying of partially kilned
malt for 6h, resulting in moisture content of approx. 4.1% was found to be optimal.
In contrast, freeze-drying of finished malt showed no significant effect on the content
of determined aldehydes (as mentioned before, the non-lyophilised finished malt sample
already formed a homogeneous powder). The above results show that implementation
of a pre-treatment step (submersion in liquid nitrogen, cold grinding, and freeze-drying with
subsequent milling) prior to malt extract preparation for HS-SPME-GC-MS, allows
determination of higher levels of free aldehydes inintermediate malting samples that
considerably vary in moisture content. Samples should be freeze-dried until approx. 4% of
moisture content, since further lyophilisation and milling do not further contribute to the
extraction of aldehydes. Besides, due to the volatility of free aldehydes, the impact of freeze-
drying on the levels or composition of these compounds cannot be disregarded. Nevertheless,
the increased homogeneity of the sample and enhanced extraction are in favour of applying
the proposed pre-treatment method.
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Furthermore, cysteinylated aldehydes were determined in all freeze-dried samples
(see Figure 2-17). In the case of green malt, cysteinylated aldehydes were below the limit
of detection in all tested samples (Oh - 10h freeze-drying treatment). Similar outcomes were
obtained for the partially kilned malt, except cysteinylated hexanal, for which extraction
increased till 6h of the pre-treatment. Again, this may be due to the decrease in particle size
(see Figure 2-13), thus improved extraction. In the finished malt, six out of seven cysteinylated
aldehydes were detected (all except cysteinylated furfural). Therefore, lyophilisation with
subsequent milling did not significantly affect the determined content of these bound forms.
In summary, lyophilisation up to a moisture content of approx. 4% and subsequent milling
have been chosen as an optimal pre-treatment. Again, an effect of lyophilisation
on the content and composition of cysteinylated aldehydes cannot be excluded. However,
in contrast to volatile free aldehydes, bound forms are non-volatile, thus the effect
of the pre-treatment should be of less significance.

Interestingly, data point to a significant increase in the levels of free aldehydes as a function
of the malting process (see Figure 2-16), which may also explain why cysteinylated aldehydes
were only quantifiable in finished malt samples.
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Figure 2-17. Cysteinylated aldehydes (ng/kg dm) determined in partially kilned malt and finished
malt as a function of freeze-drying time (h).

Statistical analysis of levels of bound-state aldehydes as a function of freeze-drying time, for each individual compound by
HSD Tukey’s, distinguishes statistically different (p<0.05) mean values (groups a, b, c).
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2.4. Conclusions

Validation of HS-SPME-GC-MS method, for determination of staling aldehydes in pale malt
using reference compounds, resulted in: very good linearity (R>0.9988), low LOD (0.28 pg/L
to 0.99 pg/L) and low LOQ (0.92 pg/L to 3.31 pg/L), satisfactory repeatability (1.3% to 5.3%)
and accuracy (x5%). Furthermore, the effect of extraction conditions on the levels of free
aldehydes determined in pale malt samples was evaluated regarding: sample amount,
extraction time, extraction temperature, ultrasonication time, and oxygen concentration
during extract preparation. The results showed that sample amount, time, temperature,
oxygen concentration, and ultrasonication affect extraction, and thereby, determined
concentration of marker aldehydes. While comparing different sample amounts, in the range
from 0.5 g to 10.0 g of milled pale malt in 100 mL of Nj-flushed Milli-Q water, 1.0 g of fine
milled malt was selected due to the high sample homogeneity and higher aldehyde extraction
yield. Among extractions carried out at temperatures ranging from 20°C to 70°C, 20°C was
chosen for further extraction optimisation in order to prevent the formation of artefacts.
Various extraction times (0 min - 90 min) were studied, resulting in selection of 15 min, as any
longer extraction had no significant effect on the measured aldehydes concentrations.
The outcomes of the extraction time experiment were compared with ultrasonication for
0.5 min up to 15 min, which was found to significantly (p<0.05) decrease the quantified values
of: 2-methylpropanal, 2-methylbutanal, 3-methylbutanal and methional. Eventually, sample
preparation under ambient and oxygen-limited conditions was compared. The results
indicated potential de novo formation of aldehydes during malt extraction under ambient
conditions. In conclusion, the optimisation of sample preparation resulted in the selection
of oxygen-limited conditions, at which 1.0 g of milled pale malt in 100 mL of N,-flushed Milli-Q
water is stirred for 15 min at 20°C. Moreover, addition of NaCl (0.0 g - 2.0 g) prior to HS-SPME
was disregarded since no positive effect of the addition of sodium chloride was observed.
Furthermore, intermediate precision for the optimised sample preparation did not exceed
20% for any of the compounds studied. Consequently, the optimised method was applied
onvarious industrial-scale pale malts, showing statistically significant differences
in the concentrations of free aldehydes amongst the analysed malts. This indicates that
the proposed method is suitable to perform a qualitative and quantitative study
on the determination of staling aldehydes in pale malts. The methodology allows assessing
the amounts of staling aldehydes that might be introduced to the brewing process. Moreover,
the method was adjusted to analyse samples coming from different stages of the malting
process, thus varying in moisture content. The proposed pre-treatment method (freeze-
drying until 4% of moisture content, followed by milling) positively affected extraction of free
and cysteinylated aldehydes. Even though possible losses and/or changes in aldehyde
composition cannot be excluded, the increased homogeneity of sample and enhanced
extraction are in favour for applying the Iyophilisation pre-treatment method
on the intermediate malting samples

64



Chapter 3

Explorative monitoring of the
evolution of free and cysteinylated
aldehydes during malting
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EXPLORATIVE MONITORING ON THE EVOLUTION OF FREE AND CYSTEINYLATED ALDEHYDES DURING MALTING

3.1. Introduction

It is well-established that malt being one of the major brewing raw materials contributes
to the performance of brewing process (e.g. by impacting filtration time) and impacts
the quality of final product (e.g. by determining beer colour, mouthfeel, and foam stability).
Moreover, malt may also contribute to beer flavour (in)stability, as it delivers to the brewing
process various compounds with the risk to compromise beer staling, among them,
compounds directly related to the appearance of off-flavours during beer storage, thus free,
staling aldehydes®7,26:111-114,

When monitoring the evolution of free aldehydes throughout brewing process, the highest
levels were found at the onset of mashing, indicating that malt may be the major source
of staling compounds’2. Further, during wort boiling”® and fermentation®'29216 3 dramatic
decrease in levels of aldehydes has been reported, leading to very low concentrations in fresh
beer. However, during storage levels of staling aldehydes gradually increase (likewise
off-flavours)?8. Consequently, the potential importance of staling aldehydes delivered with
malt to the brewing process cannot be disregarded. More specifically, it has been
hypothesised>®8! that free aldehydes coming from malt may bind to other compounds during
mashing (and possibly already during malting itself), thus changing their physicochemical
properties (i.e. aldehydes become non-volatile and (probably) non-accessible to yeast), which
may result in ‘aldehyde survival’ throughout the brewing stages, and, finally, their presence
in a closed beer package, in the form of one or more type(s) of bound-state aldehyde adducts.
Next, during beer transport and storage, bound form(s) may dissociate, thereby releasing
free, volatile, and flavour-active aldehydes. The reaction could be enhanced by external
factors, such as vibrations and/or increased temperature during transport*?2, as well as
conditions within the beer package, hence continually changing chemical equilibria within the
beer matrix.

Furthermore, free aldehydes delivered with malt to the brewing process may reflect aldehyde
precursors (e.g. amino acids), intermediate reactants (e.g. a-dicarbonyls), and catalysts
(e.g. lipoxygenase enzymes), which contribute to de novo formation of aldehydes via,
for example, Strecker degradation, Maillard reaction, oxidation of unsaturated fatty acids,
and radical reactions!. Previous studies on the evolution of amino acids?’,
3-deoxyglucosone’® as well as lipolytic and oxidative changes'®*'’! during the malting
process, indicated that the most pronounced changes occur during late germination and
kilning. In addition, upon analysing volatile compounds during malting process (among them
free aldehydes), Dong et al.}'° found higher levels of most of measured volatiles in kilned
malt, in comparison to germinating barley and barley samples.

Based on the above literature, we hypothesise that the malting process is involved in beer
flavour (in)stability, and, in particular, that the finished product of malting, i.e. malt, is a key
factor in relation to beer flavour (in)stability, especially regarding development of staling
aldehydes during beer transport/storage. However, scrupulous monitoring of the malting
process in relation to the generation of staling aldehydes has not been carried out before.
Therefore, the major objective of chapter 3 is to obtain an overview of the evolution of staling
aldehydes during malting. More specifically, the first experimental part of chapter 3, aimed
at explorative investigation of the evolution of aldehydes and their cysteinylated counterparts
throughout pale malt production (from barley till finished malt). To this end, methodology for
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guantification of free aldehydes (HS-SPME-GC-MS) and cysteinylated aldehydes (UPLC-MS)
was applied on dedicated samples collected throughout the malting process, with the focus
on kilning since this stage has been suggested by others to play an important role in aldehyde
formation26>9,110,133,

In addition, aiming at more reliable determination of the potential significance of the malting
process in relation to aldehyde formation, in the second part of chapter 3, levels of free and
cysteinylated aldehydes were monitored in key process samples, comprising barley,
germinating barley and finished pale lager malt, derived from three different, independent
industrial-scale malting batches.
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3.2. Materials and Methods

3.2.1. Chemicals

Detailed information on the chemicals used for determination of free and cysteinylated
aldehydes may be found in chapter 2, section 2.2.1.

Determination of TBI. Thiobarbituric acid (298%, CAS 504-17-6) was purchased from Merck
KGaA, Germany, acetic acid (99%, CAS 64-19-7) from Sigma-Aldrich, USA.

Determination of amino acids. Amino acids were determined with the use of AccQeTag
Derivatisation Kit (Waters, USA). Carrez | and Carrez Il were purchased from
Sigma-Aldrich, USA.

Determination of malt quality parameters. Carboxymethylcellulose (CMC) (CAS 9004-32-4),
potassium phosphate monobasic (299%, CAS 7778-77-0), sodium phosphate dibasic
dodecahydrate (299%, CAS 10039-32-4), potassium iodate (299.9%, CAS 7758-05-6), glycine
(CAS 56-40-6), glucose (CAS 492-62-6), dinitro salicylic acid (CAS 206-156-8), phenol
(CAS 108-95-2), and sodium sulphite (=298%, CAS 7757-83-7), were purchased from
Sigma-Aldrich, USA. Ethylenediaminetetraacetic acid (EDTA) (CAS 25102-12-9), ammonium
iron citrate (CAS 1185-57-5), ninhydrin (CAS 485-47-2), (D)-fructose (CAS 57-48-7),
hydrochloric acid (298%, CAS 7647-01-0), and citric acid monohydrate (299.5%,
CAS-5949-29-1) were acquired from Merck, Germany.

3.2.2. Malts

Boortmalt Antwerp, Belgium provided all biological samples analysed in this chapter. Samples
were collected according to the internal standard protocol for sample collection.

In section 3.3.1. of ‘Results and Discussion’, detailed sampling was performed at different
time points of the industrial-scale standard malting process for pale malt production
(batch G), with the focus on kilning. Samples were collected at the onset of the process
(barley; six-row winter barley variety Etincel), after the second day (GM2), third and a half day
(GM3.5) and fourth and a half day (GM4.5) of germination, and every two hours during
kilning, starting from 10 hours of green malt drying (K10) and finishing at 24 hours (K24).
Moreover, malt with rootlets (MR) and finished malt without rootlets (M) were collected.

In section 3.3.2. of ‘Results and Discussion’, six-row winter barley variety Etincel was
subjected to three independent industrial-scale malting procedures for pale malt production
resulting in three different malt batches H, I, and J, respectively. All malts were produced
in the same malting facility of Boortmalt. Samples of barley, germinating barley (3.5 days
of germination), and finished pale malt were analysed.

3.2.3. Determination of free aldehydes in malting samples

Quantitative determination of free aldehydes in samples from industrial-scale malting (barley,
germinating barley, malt) was performed according to the optimised in chapter 2 procedure.
Sample preparation consisted of ‘pre-treatment step’, thus freeze-drying samples to 4%
of moisture content and subsequent milling. It was followed by preparation of extract by
adding 99 mL of Nx-flushed Milli-Q water to 1.0 g of finely milled pale malt (experiments in
section 3.3.2) or 1.0 g of freeze-dried powder (experiments in section 3.3.1). The extraction
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was performed in 100 mL serum bottles closed with crimp caps to minimise contact with air
and protected with aluminium foil from light. The mixture was stirred at 250 rpm for 15 min
at 20°C. Next, malt particles were allowed to sediment for 15 min. Further, 10 mL of
supernatant were transferred to 20 mL amber glass GC-vial and closed with a crimp cap. All
operations were carried out in oxygen-limited conditions (in anaerobic workstation). Next,
samples were subjected to HS-SPME-GC-MS analysis, which was carried out as described in
chapter 2, section 2.2.2.

3.2.4. Determination of cysteinylated aldehydes in malting samples

Quantitative determination of cysteinylated aldehydes in samples from industrial-scale
malting (barley, germinating barley, malt) was performed according to the optimised
in chapter 2 procedure. In the study comparing levels of cysteinylated aldehydes in various
malting samples (results section 3.3.1), all samples were freeze-dried to approx. 4%
of moisture content prior to extract preparation. In experiments involving only finished malts,
no pre-treatment (freeze-drying) was applied. Sample preparation and determination
of cysteinylated aldehydes was performed as described in chapter 2, section 2.2.9.

3.2.5 Determination of TBIl in malt

Determination of the thiobarbituric acid index (TBI) was performed following the adapted
method of Coghe et al.?®, which itself is based on the method described by Thalacker and
Brikenstock?®®. The colour reagent was prepared by dissolving 288 mg of thiobarbituric acid
in 100 mL of 90% acetic acid. Malt extract was obtained by mixing (at ambient temperature)
of 10 g finely milled malt with 100 mL of Milli-Q water for 30 min, followed by centrifugation
at 9,000 rpm (5 min). Next, 2.5mL of supernatant were diluted up to 10 mL with Milli-Q water,
and the colour reagent was added (5 mL). The mixture was incubated at 70°C for 70 min,
followed by cooling on ice. Blank sample was prepared by diluting 2.5 mL of supernatant with
7.5 mL of Milli-Q water, and subsequent mixing with 5 mL of 90% acetic acid (no further heat
treatment of blank sample). The absorption was measured at A=448 nm. Subsequently, the
TBI value was calculated as follows: TBI = (Asag— Aplank) X 40 (index for 10 g malt).

3.2.6. Determination of amino acids in malting samples

Amino acids in samples from maltings (barley, germinating barley, malt) were determined
with the use of an Ultra Performance Liquid Chromatography (UPLC) separation system
(Waters, USA) and PDA detector. Six amino acids were determined specifically, including
valine, isoleucine, leucine, methionine, phenylalanine, and cysteine/cystine, respectively.
Sample preparation consisted of mixing (at ambient temperature) 1 g of a finely milled
biological material (either freeze-dried barley, freeze-dried germinating barley, or malt) with
10 mL of HCI (0.1M) for 30 min, followed by centrifugation for 5 min at 9,000 rpm. Then, in
order to remove proteins, to 1 mL of supernatant were added 20 uL of Carrez | reagent (106
g potassium ferrocyanide trihydrate in 1L Milli-Q water) and 20 pl Carrez Il reagent (220 g zinc
acetate dihydrate and 30 mL of pure acetic acid made-up to a final volume of 1L with Milli-Q
water). The sample was mixed and again centrifuged for 5 min at 9,000 rpm. Sample
derivatisation was carried out manually with the application of the AccQeTag Derivatisation
Kit and the accompanying procedure (Waters, USA). The UPLC system was equipped with an
AccQeTag Ultra column (2.1 i.d. x 100 mm; Waters, USA). Column temperature was set at
60°C. Gradient elution, according to the prescribed AccQeTag Ultra method (Waters, USA),
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was applied. Flow rate was 0.7 mL/min and total running time 9.5 min. Data processing was
done using Empower 2 Software (Waters, USA).

3.2.7. Determination of malt quality parameters

Malt quality was assessed according to the European Brewery Convention methods (Analysis
committee of the EBC, 2018). Directly on malt itself were measured: moisture content
(EBC 4.2), homogeneity and partly unmodified grains (EBC 4.14), friability (EBC 4.15) and total
nitrogen content (TN) (EBC 4.17, near-infrared (NIR) method). Diastatic Power
(DP; EBC 4.12.1) and a-amylase activity (EBC 4.13) were determined in cold malt extract (5 g
of milled malt mixed with 100 mL of 5% sodium chloride solution) by an automated
continuous flow analyser (Skalar, The Netherlands). Congress wort, prepared according
to EBC method 4.5.1, was used to determine the following parameters: extract yield
(EBC4.5.1), colour (EBC 4.7.1; spectrophotometric method), viscosity (EBC 4.8), total soluble
nitrogen (TSN; expressed as g/100 g of malt) (EBC 4.9.2), free amino nitrogen (FAN) (EBC 4.10),
wort pH (EBC 8.17) and B-glucan content (EBC 4.16). Total protein (TP; expressed as % dm)
was calculated as TN x 6.25, whereas total soluble protein (TSP) was obtained as TSN x 6.25.
Kolbach Index (KI, expressed in %) was calculated from the following formula
KI = TSN/TN x 100. The following equipment was used for: mashing bath MBR25-V1a (Custom
Laboratory Products, UK), AntonPaar DMA 5000 (Anton Paar GmbH, Austria), Spectrometer
Thermo Scientific Evolution 60 S UV-Vis, Thermo Scientific drying oven (Thermo Fisher
Scientific, USA), pH meter 7110 WTW (InolLab, France), FOSS WineScan Auto and Foss Infratec
1241 Analyzer (Foss, Denmark), and Skalar San++ System (Skalar, The Netherlands).

3.2.8. Statistical analysis

Results are presented as mean values and standard deviations (calculated from three
analytical replicates). Statistical comparison between mean values was carried out by
one-way ANOVA. To identify differences between multiple groups of samples, one-way
ANOVA was followed by a post-hoc HSD Tukey’s test. Statistical correlations amongst data
were calculated via Pearson’s correlation coefficients (r). Following software was used for
statistical analysis: Excel 365 (Microsoft, USA) and SPSS Statistics 26 (IBM, USA).
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3.3. Results and Discussion

3.3.1. Explorative monitoring of free and cysteinylated aldehydes through
the industrial-scale malting

The major aim of this study is to monitor the industrial-scale malting process in order to obtain
an overview of the evolution of free and cysteinylated aldehydes by applying the analytical
methodology described in Chapter 2. Next, based on the data obtained, it will be investigated
whether it is feasible to identify critical steps influencing the generation of these compounds.
As far as we know, detailed profiling of free and cysteinylated aldehydes throughout
industrial-scale malting has not been carried out before. Following samples were collected
during the malting process and were analysed subsequently: barley, germinating barley
(samples collected after 2, 3.5, 4.5 days of germination), dried green malt samples
(i.e. samples collected every two hours after 10h up to 24h of green malt kilning), malt with
rootlets and deculmed, finished malt. Information on temperature of incoming air and grain
moisture content of the samples was provided by the malting company.

Quantitative data on free and cysteinylated aldehydes are presented in Table 3-1 and
Table 3-2, respectively. Generally, an increase in the content of free and cysteinylated
aldehydes is observed throughout the malting process, from barley up to finished malt.
Among free aldehydes, the fatty acid oxidation products hexanal and trans-2-nonenal were
guantifiable in all samples, except for the barley sample. However, Strecker aldehydes (2MP,
2MB, 3MB, MET, PHE) and the Maillard reaction product furfural were only quantifiable
in dried green malt samples collected after 22h and 24h of drying (indicated as K22 and K24
in Table 3-1), as well as in malt with rootles (MR) and in finished malt.

Regarding cysteinylated aldehydes, except for the furfural adduct, all of these compounds
were quantifiable in the malt samples with or without rootlets (see Table 3-2).

In the following sections, the evolution of free and bound-state aldehydes will be discussed,
according to their pathways of formation (Strecker degradation of amino acids, Maillard
reaction, and fatty acid oxidation, respectively). The evolution of free and bound-state
aldehydes during malting (as will be further shown and discussed in Figures 3-1, 3-2, 3-3)
is presented in terms of relative concentrations, i.e. for each compound, concentrations
are shown as a percentage of the maximum value measured for that compound (as ug/kg dm)
during the malting process.
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3.3.1.1. Strecker aldehydes

The evolution of analysed Strecker aldehydes (2-methylpropanal, 2-methylbutanal,
3-methylbutanal, methional, and phenylacetaldehyde) during this particular industrial-scale
malting process to obtain pale lager malt, is depicted in Figure 3-1A, whereas measurements
on corresponding cysteinylated Strecker aldehydes are shown in Figure 3-1B. Only major
changes in levels of free and bound-state aldehydes will be discussed below, because, in this
particular experiment, all analysed samples were derived from a single industrial-scale batch,
and information on potential batch-wise variation was not available at this stage of the PhD.

Among individual free Strecker aldehydes, a similar behaviour was observed during the entire
malting process (see Figure 3-1A). This can be ascribed to the similar formation mechanism(s)
of these compounds, for instance, Strecker degradation by reaction of an amino acid with
an a-dicarbonyl intermediate, or direct oxidation of amino acids!’ (for more detailed
information, see Chapter 1, section 1.1.5). Small amounts of Strecker aldehydes (below LOD
and/or LOQ) were found in barley, as well as samples collected during germination, and
during the first hours of kilning. This is not surprising, as Strecker aldehydes are considered
to be side products of Maillard reactions, which are limited at low operating temperatures,
like temperatures applied at these particular stages of malting®'28. A first considerable
increase in levels of measured Strecker aldehydes (>LOQ) was observed after 20h of kilning,
thus at the stage when the inlet air temperature was raised from 76°C to 78°C, and grain
moisture dropped simultaneously from approx. 30% to 4.5%. In accordance with this
observation, it is known from literature that Maillard reactions and maximum browning
in food products in general, mainly occur at a water activity of approx. 0.6-0.7°%2%,
Furthermore, according to Barreiro et al. %! and Laitila et al. 222, a water activity of 0.7 of malt
corresponds to water content of approx. 14%, which fits within the above observed critical
interval of water reduction of malt from 30% to 4.5%. Next to the above observed first
increase in Strecker aldehydes, the most pronounced increase in levels of Strecker aldehydes
(i.e. relative increase of approx. 60% - 70%) was however noticed during the cooling stage of
malting. At the beginning of this stage, hot grain is exposed to a boost of fresh, oxygen-rich
air. Thus, it can be envisaged that at this stage of the malting process, excessive levels of
oxygen will provoke direct oxidation of amino acids and, consequently, may give rise to the
corresponding free aldehydes*#*. Deculming (removal of rootlets) slightly decreased the
content of Strecker aldehydes (5-30%), mainly affecting methional. This suggests that
methional is present in rootlets and that adequate deculming can reduce its content in the
finished malt.

During the malting process, cysteinylated Strecker aldehydes evolved similarly to their free
counterparts (see Figure 3-1B), due to the existence of chemical equilibria between free and
cysteinylated forms, as previously highlighted by Bustillo Trueba et al.®.
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FREE STRECKER ALDEHYDES
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Figure 3-1. Evolution of free (A) and cysteinylated (B) Strecker aldehydes during industrial-scale
preparation of pale lager malit.

Results on the evolution of aldehydes are expressed as a % of the maximum value measured for a compound during the
malting process. Measured aldehydes: 2MP = 2-methylpropanal, 2MB = 2-methylbutanal, 3MB = 3-methylbutanal, MET =
methional, PHE = phenylacetaldehyde, FUR = furfural, HEX = hexanal, and T2N = trans-2-nonenal, and their cysteinylated
counterparts, namely: 2MP-CYS = cysteinylated 2-methylpropanal, 2MB-CYS = cysteinylated 2-methylbutanal, 3MB-CYS =
cysteinylated 3-methylbutanal, MET-CYS = cysteinylated methional, PHE-CYS = cysteinylated phenylacetaldehyde, FUR-CYS
= cysteinylated furfural, and HEX-CYS = cysteinylated hexanal (cysteinylated trans-2-nonenal is not presented as the
reference compound was not available). Analysed samples: barley; GM = germinating barley (germinated for 2, 3.5, 4.5 days,
respectively); K = samples taken at kilning, after 10 up to 24h of kilning; MR = malt with rootlets; malt = finished malt (without
rootlets). Results are expressed as mean values (n=3), error bars = standard deviation.
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3.3.1.2. Furfural - Maillard reaction product

The evolution of free and cysteinylated furfural during the monitored industrial-scale malting
process is presented in Figure 3-2.
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Figure 3-2 Evolution of free and cysteinylated furfural, during industrial-scale preparation of pale
lager malt.

Results on the evolution of aldehydes are expressed as a % of the maximum value measured for a compound during the
malting process. Measured aldehydes: FUR = furfural and FUR-CYS = cysteinylated furfural. Analysed samples: barley; GM =
germinating barley (germinated for 2, 3.5, 4.5 days, respectively); K = samples taken at kilning, after 10 up to 24h of kilning;
MR = malt with rootlets; malt = finished malt (without rootlets). Results are expressed as mean values (n=3), error bars =
standard deviation.

The evolution of furfural levels as a function of malting was found to be similar
to the evolution of Strecker aldehydes, which is explainable from a chemical point of view
since both types of aldehydes are clearly connected to the Maillard reaction® (see also
Chapter 1, section 1.1.5.1). Apparently, from barley up to 20h of kilning, only low levels
of furfural (<LOQ) were found (see Table 3-1). However, between 20h and 22h of kilning
(i.e. when the air inlet temperature was increased form 76°C to 78°C and a simultaneous
decrease in moisture content from approx. 30% to 4.5% was observed), a first marked
increase in furfural was found, similar to the previously observed increase in Strecker
aldehydes. Next, and again similar to the behaviour of Strecker aldehydes, a second,
pronounced increase in furfural was observed during cooling (relative increase
of approx. 50%). Thus, in accordance with Strecker aldehydes, the appearance of furfural
seems to be most strongly connected to the particular decline in grain moisture content
(starting from approx. 30% of moisture), and to the presence of high levels of oxygen.

Regarding cysteinylated furfural, its measured concentration was always below the limit
of quantification (see Table 3-2 and Figure 3-2), although significant levels of free furfural
were found at the latest stages of kilning and in the final malt. As reported before®?, (slightly)
acidic conditions such as in malt, are not favourable for the formation of the furfural-cysteine
adduct, because of the relatively low electrophilic character of the aldehyde functional group
of furfural (due to the aromatic nature of the R group of furfural).
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3.3.1.3. Fatty acids oxidation products

The evolution of levels of hexanal and trans-2-nonenal during the monitored industrial-scale
malting process is presented in Figure 3-3A, while the evolution of cysteinylated hexanal
is shown in Figure 3-3B (cysteinylated trans-2-nonenal is not presented as the reference
compound was not available).
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Figure 3-3. Evolution of hexanal and trans-2-nonenal (A) as well as cysteinylated hexanal (B) during
industrial-scale preparation of pale lager malt.

Results on the evolution of aldehydes are expressed as a % of the maximum value measured for a compound during the
malting process. Measured aldehydes: HEX = hexanal, T2N = trans-2-nonenal, HEX-CYS = cysteinylated hexanal. Analysed
samples: barley; GM = germinating barley (germinated for 2, 3.5, 4.5 days, respectively); K = samples taken at kilning, after
10 up to 24h of kilning; MR = malt with rootlets; malt = finished malt (without rootlets). Results are expressed as mean values
(n=3), error bars = standard deviation.
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Clearly, hexanal and trans-2-nonenal evolve differently during industrial-scale malting,
compared to Strecker aldehydes and furfural. This is due to the different formation
mechanism, i.e. fatty acid oxidation (see Chapter 1 section 1.1.5.1).

In barley, the content of trans-2-nonenal appears to be <LOQ (see Table 3-1). A first significant
increase in the level of this aldehyde is observed during the first two days of germination
(106 pg/kg dm; see also Figure 3-3A). Although, at this stage (onset of germination),
autoxidation cannot be excluded, enzymatic oxidation of unsaturated fatty acids is proposed
as the prominent mechanism leading to trans-2-nonenal, due to LOX-activity, presumably
LOX-1 activity®*. A second marked increase in trans-2-nonenal (up to 723 pg/kg dm) is noticed
within the time interval of 22h up to 24h of kilning (i.e. when the air inlet temperature was
increased from 78°C to 87°C). Because of the high operating temperature and the low
moisture content in the grain, it can be assumed that at this stage LOX-activity is suppressed
and that rather autoxidation instead of enzymatic oxidation is the leading mechanism
resulting in formation of trans-2-nonenal®118,

Regarding hexanal, in barley, its content was <LOD (see Table 3-1). As also noticed
for trans-2-nonenal, in the case of hexanal, a first significant increase already occurs during
the first two days of germination (597 pg/kg dm; see also Figure 3-3A). Analogous
to trans-2-nonenal, this may be ascribed to enzymatic LOX-activity, presumably LOX-2 activity
in the case of formation of hexanal. Next, between 20h and 22h of kilning (i.e. when the air
inlet temperature is increased from 76°C to 78°C and a simultaneous decrease in moisture
took place from approx. 30% to 4.5%), a pronounced decrease in hexanal was observed.
Under these malting conditions, enzymatic formation of hexanal may be limited since it has
been reported previously that about 70% - 90% of LOX-2 activity is already destroyed
at a relatively low temperature of 65°C%. Moreover, at this stage of kilning, the efficient
removal of water should facilitate evaporation of the relatively volatile hexanal. Finally, during
the cooling stage of malt, again, some increase in hexanal content was found, likely caused
by autoxidation at the onset of cooling, because of the still high temperature within the grain,
in combination with the supply of high levels of oxygen through the use of fresh air.

As demonstrated by the experimental data, the evolution of hexanal and trans-2-nonenal
as a function of the malting process shows similarities as well as differences, even though
both aldehydes are derived from oxidation of unsaturated fatty acids. Observed differences
may be related to the specific properties of lipoxygenase iso-enzymes (LOX-1 and LOX-2,
leading to trans-2-nonenal and hexanal, respectively) and differences in the volatility
of the aldehydes. Regarding samples collected during the stage of germination, the higher
content of hexanal in comparison to trans-2-nonenal (see Table 3-1), can be ascribed to higher
levels of LOX-2, as it is known to represent about 75% of total LOX-activity in germinated
barley?%3. Also, LOX-2 shows higher affinity towards fatty acids esterified in triacylglycerols??4.
On the other hand, the different effect of kilning-off at high temperature on levels of hexanal
and trans-2-nonenal, may (at least in part) be explained by the higher volatility of hexanal,
compared to trans-2-nonenal??>,

Regarding the evolution of cysteinylated hexanal during the monitored malting process
(see Figure 3-3B), a first increase in its content occurred after the second day of germination,
when high levels of free hexanal were already present (see Figure 3-3A), and, therefore,
together with free cysteine (as a result of proteolysis), available for adduct formation.
A second pronounced increase in cysteinylated hexanal is observed during cooling of the malt
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(relative increase of approx. 20%) when the levels of free hexanal also increased. Finally, also
after deculming of malt, a relatively strong increase in the level of adduct of approx. 40%
is noticed.

3.3.2. Explorative study on different pale malt industrial-scale maltings

The results obtained in the previous experimental section 3.3.1. were derived from a single
batch of industrial malting. In this part of chapter 3, the major aim is to investigate key
samples derived from several batches of industrial malting, to verify whether major findings
obtained in section 3.3.1. remain applicable or not when investigating other malting batches.
To this end, starting from the barley variety Etincel, samples were obtained from three
different industrial-scale trials (batch H, |, and J), which were performed in the same malting
facility. Levels of free aldehydes, cysteinylated aldehydes, and several amino acids, were
determined in barley, germinating barley (collected at 3.5 days of germination), and finished
pale malt.

In addition, data on standard quality parameters of the malt samples H, |, and J, provided
by the maltings, are compared to measured levels of amino acids and aldehydes, in order to
unravel potential relationships among the different sets of data.

3.3.2.1. Comparison of levels of aldehydes and selected amino acids in barley,
germinating barley and finished pale malt, derived from three different
industrial-scale malt productions

When looking at the overall evolution of free and cysteinylated aldehydes during malting,
as expressed by the evolution of relative concentrations shown in Figure 3-4, similar data
were obtained for the different batches batch H, I, and J. Clearly, except for hexanal,
aldehydes were present at highest levels in finished malt, as previously observed
in section 3.3.1.

More specifically, in barley, all investigated free and cysteinylated aldehydes were <LOQ.
In germinating barley, detected Strecker aldehydes and furfural are also <LOQ, whereas levels
of the fatty acid oxidation products (HEX and T2N) constitute approx. 100% of the relative
concentration and approx. 35% of the relative concentration, respectively. In finished pale
malt, levels of all aldehydes (except for HEX) were the highest (thus represented in Figure 3-4
as 100% of the relative concentration). These observations are in accordance with
Dong et al.11%, who also reported higher levels of Strecker aldehydes in malt in comparison to
germinating barley and green malt, in addition to higher levels of HEX determined in green
malt, compared to kilned malt. Regarding bound-state aldehydes, in germinating barley, only
HEX-CYS was found, reaching approx. 20% - 40% of its relative concentration. In finished pale
malt, levels of cysteinylated aldehydes are at maximum, ie. 100% of the relative
concentration, except for FUR-CYS, which is <LOD (similar findings were obtained
in section 3.3.1).

In summary, data obtained on the three independent industrial-scale malting batches,
confirm our findings presented in section 3.3.1. Hence, it can be generalised that levels of free
and cysteinylated aldehydes increase during malting process, reaching the highest values
in finished pale malt (except for HEX, which already reaches its maximum in the beginning
of germination).
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4. Free aldehydes (left side) and cysteinylated aldehydes (right side) determined in barley,

germinating barley (3.5 days of germination) and finished malt, derived from three independent
industrial-scale productions (malting batches H, |, J).

Figure 3-

Results on the evolution of aldehydes are expressed as a % of the maximum value measured for a compound during the
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cysteinylated 3-methylbutanal, MET-CYS = cysteinylated methional, PHE-CYS = cysteinylated phenylacetaldehyde, FUR-CYS

cysteinylated furfural, and HEX-CYS = cysteinylated hexanal (cysteinylated trans-2-nonenal is not presented as the

reference compound was not available). FUR-CYS was <LOD in all samples. Results are expressed as mean values (n

bars = standard deviation.
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Besides levels of aldehydes, levels of amino acids, some of which are potential precursors
of Strecker aldehydes (valine, leucine, isoleucine, methionine, and phenylalanine,
corresponding to 2MP, 2MB, 3MB, MET, and PHE, respectively), increase during the malting
process in all three tested batches (see Figure 3-5). This is clearly the effect of proteolysis
taking place during germination and at the beginning of green malt drying?8.
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Figure 3-5. Levels of amino acids (mg/kg dm) determined in barley, germinating barley (3.5 days
of germination) and finished pale malt, derived from three independent industrial-scale
productions (malting batches H, 1, J).

Measured amino acids: Val = valine, lle = isoleucine, Leu = leucine, Met = methionine, Phe = phenylalanine, Cys+CySS =
cysteine/cystine. Results are expressed as mean values (n=3), error bars = standard deviation.
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Next to amino acids as potential precursors of Strecker aldehydes, also levels
of cysteine/cystine were monitored during malting, and, in an agreement with the above,
levels of cysteine/cystine also increase during malting. This allows for better understanding
of the formation of cysteinylated aldehydes. For instance, in germinating barley, high levels
of HEX (see Figure 3-4, right side) and moderate levels of cysteine (see Figure 3-5) lead
to an increase in the content of HEX-CYS (see Figure 3-4, left side). Likewise, in finished malt,
high levels of Strecker aldehydes and high levels of cysteine result in relatively high
concentrations of cysteinylated Strecker aldehydes. All of these findings are in agreement
with results obtained in section 3.3.1.

3.3.2.2. Comprehensive analysis of standard quality parameters, amino acids,
and aldehydes in pale malts

Industrial maltings verify the quality of their product (i.e. malt) by assessing standard malt
quality parameters, which inform on the physicochemical and biochemical properties of malt.
Data on standard quality parameters of malts derived from batch H, |, and J are summarised
in Table 3-3. Below is given a brief explanation of their significance, together with commonly
recommended values for high-quality pale malt.

Standard malt quality parameters comprise: moisture content (g of water present in 100 g
of malt, expressed as a %; typically 3% - 5%), extract yield (g of soluble material obtained from
100 g of malt recalculated to dry matter, expressed as % dm; typically >77% dm), malt colour
(2.0 EBC- 4.5 EBC), and thiobarbituric acid index (TBI; a widely recognised indicator of applied
heat load?%® and carbonyl compounds??’). Furthermore, cytolytic modification is evaluated
by friability and homogeneity of malt, along with B-glucan content and viscosity of Congress
wort. Friability indicates the percentage of easily disintegrating kernels when pressed with
a roller system within a friabilimeter. This parameter should exceed 80% to secure proper
milling in the brewhouse!?®12°, Homogeneity expresses the percentage of uniformly modified
grains. Typically, reported values are 295%, indicating that less than 5% of kernels can
be either unmodified (reported as ‘partly unmodified grains’, PUG) and/or dead (reported
as ‘whole grains’, WG)?%. Further, B-glucan content informs on the quantity of residual
(1,3)(1,4)-B-D-glucan fraction present in Congress wort, while viscosity (physicochemically)
reflects the content of B-glucans, pentosans and proteins. Too high values of both of these
parameters (>200 mg/L and >1.6 mPas, respectively) can lead to wort run-off problems,
i.e. prolonged filtration times!?®22°, Proteolytic modification of malt is assessed via total
soluble protein (TSP), Kolbach Index (KI) and free amino nitrogen (FAN). TSP is the percentage
of proteins, peptides and amino acids that are solubilised in wort during mashing. Kolbach
Index informs on total soluble protein in Congress wort, as a percentage of total protein (TP)
measured in malt. FAN is determined by a colorimetric method with ninhydrin, which forms
a colour complex with amino acids, ammonia and the terminal nitrogen groups of peptides
and proteins. Insufficient proteolytic modification of pale malt (FAN <160 mg/L, KI <35%,
TSN <3.7%) may lead to incomplete fermentation, whereas the excessive modification
(FAN >250 mg/L, KI >47%, TSN >4.9%) may impair beer foam, result in a higher beer colour,
and, possibly, in the appearance of beer off-flavours?%140.228 . Amylolytic activity of malt
is evaluated based on diastatic power (DP) and a-amylase activity. DP expressed
in Windisch-Kolbach degrees (°WK; the amount of maltose formed by 100 g of malt in 30 min
at 20°C), indicates the total activity of malt amylolytic enzymes (such as a-amylase,
B-amylase, limit dextrinase, and a-glucosidase), hydrolysing starch to low-molecular-weight
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sugars. High values (>220°WK) are required when brewing with a substantial addition
of adjuncts?®°. Further, a-amylase activity, catalysing the hydrolysis of a-1,4-glycosidic
linkages in starch, should exceed 30 dextrinising units (DU; the a-amylase activity that will
dextrinize soluble starch in the presence of an excess of B-amylase at the rate of 1g/h
at 20°C)184:230,

Moreover, malt quality parameters may provide information on potential beer flavour
deterioration during storage. For example, malt with a low Kolbach Index!%92% and a low free
amino nitrogen®19>208231 was found to result in beers of enhanced flavour stability, whereas
a high malt colour (pointing to excessive heat load), may lead to higher staling scores of aged
beers?®?7,

As shown in Table 3-3, measurements of standard quality parameters of malts derived from
batch H, I, and J were within the commonly accepted ranges for a high-quality pale malt.
Only TP and TSP slightly exceeded the limits, which may be related to the barley variety
and/or to the crop year®>. In general, results obtained on batch H and J were quite similar,
while batch | clearly differed. The latter is characterised by lower proteolytic modification
(lower levels of TSP, KI, and FAN), as well as lower DP, a-amylase activity, and colour. Cytolytic
modification assessed by B-glucan content, viscosity, and friability, was similar among
the three tested batches. TBI was the parameter that differed mostly among the three
different batches (the highest TBI value was determined in batch H, followed by batch J, and
batch I).
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Quantitative determinations of amino acids, free aldehydes, and cysteinylated aldehydes
in malts derived from batch H, |, and J, are presented in Table 3-4. Higher levels of amino acids
were found in batch H and J, in comparison to batch I. Among amino acids, which are potential
precursors of Strecker degradation aldehydes, phenylalanine (Phe) was present in the highest
concentration, followed by leucine (Leu) and valine (Val), isoleucine (lle), and methionine
(Met). Other authors?!”232 reported on a slightly different profile of these particular amino
acids measured in different pale malts, i.e. Leu as major amino acid, followed by Phe, Val, lle,
and Met. Regarding aldehydes, the highest sum of free aldehydes was determined in batch H
(6,007 pg/kg dm), followed by batch J (4,854 pug/kg dm), and batch | (3,507 pg/kg dm).
In all samples, 3MB was present in the highest concentration, followed by PHE, 2MP, and
2MB. A similar profile of free aldehydes in pale malts has been reported by others®®. Clearly,
the above measured sequence in levels of volatile free aldehydes reflects the profile
of non-volatile amino acids available in the literature 217232, In our study, as can be derived
from Table 3-5, a strong, positive relationship (r 20.8) between individual amino acids and
their corresponding, individual free Strecker degradation aldehyde was always found.

For bound-state aldehydes, the highest sum of cysteinylated aldehydes was determined
in batch H (852 pg/kg dm), while comparable levels were found in batch | and J (461 pg/kg dm
and 471 pg/kg dm, respectively). Cysteinylated aldehydes followed a similar pattern to their
corresponding free forms, thus 3MB-CYS was present in the highest concentration, followed
by PHE-CYS, 2MP-CYS and 2MB-CYS. Moreover, strong relationships (r >0.8) between
individual, free Strecker aldehydes and their corresponding cysteinylated forms were found
(see Table 3-5).

When comparing determined levels of each individual, free aldehyde with standard malt
quality analysis, except for T2N, always very strong correlations (r >0.9) were found with
colour, TBI, and extract yield (see Table 3-6). Furthermore, except for HEX and T2N, strong
correlations (r 20.7) were found between individual, free aldehydes and TSP, KI, FAN, DP, and
a-amylase activity (see Table 3-6). A positive relationship between FAN and the content
of beer staling aldehydes measured in malt, has been reported previously?®. In conclusion, it
can be suggested that the levels of aldehydes determined in malt, in particular Strecker
degradation aldehydes and furfural, appear to be connected to particular standard quality
parameters of malt. Potential relationships with fatty acid oxidation aldehydes were less
pronounced, although levels in hexanal correlated well with extract yield (r=0.80), malt colour
(r=0.75), and TBI (r=0.82).
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Table 3-4. Quantitative determination of amino acids, free aldehydes and cysteinylated
aldehydes obtained for finished pale malts, derived from three independent industrial-scale
productions (malting batches H, 1, J).

Analytical parameter Batch H Batch | BatchJ
Mean SD Mean SD Mean SD
Amino acids
(mg/kg dm)
Val* 449°* ¢+ 37 231°  + 33 395 & 26
lle* 234° # 20 111°  + 16 2152 ¢ 14
Leu* | 4087 t 34 196° + 28 384° + 25
Met* 762 + 6 36° # 4 662 + 4
Phe* 617°% £ 43 323°  # 26 588°% & 15
Cyss+Cys | 149° + 9 920 10 1272+ 5
Sum of free aldehydes 6,007 3,507 4,854
(ug/kg dm)
2MP | 871° ¢ 6 505° # 17 694¢ + 12
2MB 820° 37 398° + 7 649°¢ ¢ 20
3MB | 1,959° 83 1,057° + 23 1,541¢ ¢ 36
MET | 122% & 25 78° + 3 108 & 4
PHE 884° 65 470° + 17 611¢ = 12
FUR| 5962 50 312°  # 14 476¢ + 8
HEX | 291@ ¢ 25 154° 8 160° + 8
T2N 463° + 53 5332 + 85 6152 + 134
Sum of cysteinylated
aldehydes (ug/kg dm) 852 ael 47
2MP-CYS 133@  + 6 76° + 6 84° 2
2MB-CYS 427 + 28+ 0 37 £ 1
3MB-CYS 3982 ¢ 14 194° + 8 210°  + 8
MET-CYS 36 3 25+ 2 31+ 3
PHE-CYS 182° & 3 84° + 4 90° * 2
FUR-CYS 227 % 0 19¢ + 3 <LOD
HEX-CYS 39 ¢ 1 356+ 1 19¢ + 1

Amino acids indicated with *, namely Val = valine, lle = isoleucine, Leu = leucine, Met = methionine and Phe = phenylalanine
are potential precursors of the corresponding Strecker degradation aldehydes: 2MP = 2-methylpropanal, 2MB = 2-
methylbutanal, 3MB = 3-methylbutanal, MET = methional, PHE = phenylacetaldehyde, respectively. Cyss+Cys =
cystine/cysteine. Other compounds: FUR = furfural, HEX = hexanal, T2N = trans-2-nonenal, 2MP-CYS = cysteinylated 2-
methylpropanal, 2MB-CYS = cysteinylated 2-methylbutanal, 3MB-CYS = cysteinylated 3-methylbutanal, MET-CYS
cysteinylated methional, PHE-CYS = cysteinylated phenylacetaldehyde, FUR-CYS = cysteinylated furfural, and HEX-CYS
cysteinylated hexanal (cysteinylated trans-2-nonenal is not presented as the reference compound was not available). LOD
limit of detection. Results are presented as mean values * standard deviation (SD). Statistical comparisons between the
batches I, J, and H, by post-hoc HSD Tukey’s test to distinguish among statistically significant different (p <0.05) groups (a, b,
c).
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Table 3-5. Pearson’s correlation coefficients calculated for amino acids as a function of their
corresponding Strecker aldehyde, as well as free Strecker aldehydes as a function of their
corresponding cysteinylated aldehyde.

Compound 1 Compound 2 Corre.la'tlon
coefficient
valine 2-methylpropanal 0.96
isoleucine 2-methylbutanal 0.93
leucine 3-methylbutanal 0.92
methionine methionine 0.91
phenylalanine phenylacetaldehyde 0.82
2-methylpropanal cysteinylated 2-methylpropanal 0.87
2-methylbutanal cysteinylated 2-methylbutanal 0.83
3-methylbutanal cysteinylated 3-methylbutanal 0.88
methionine cysteinylated methionine 0.87
phenylacetaldehyde cysteinylated phenylacetaldehyde 0.95

Degree of freedom (df) = 7, p-vale always <0.01.

Table 3-6. Pearson’s correlation coefficients calculated for free aldehydes as a function of malt
quality parameters.

Aldehyde/ 2MP 2MB 3MB MET PHE FUR HEX T2N
Quality parameter

Extract 090 091 091 092 093 092 0.80 -
Moisture content - - - - - - - -
Colour 095 094 095 092 096 092 0.75 -
TBI 1.00 099 099 084 098 098 0.82 -

Friability - - - - - - - 0.78

Homogeneity - - - - - - - 0.78

Total protein - - - - - - - 0.85
Total soluble protein 0.79 0.75 0.76 0.83 0.73 0.80 - -
KolbachIndex 0.88 086 086 0.89 0.76 0.89 - -
Free amino nitrogen 0.81 0.77 0.78 082 0.74 0.81 - -
Diastaticpower 093 092 093 092 087 095 0.73 -
a-Amylase activity 0.93 0.91 092 090 0.82 0.9 - -

B-Glucan content - - - - - - - -
Viscosity - - - - - - - -
pH - - - - - - - -

‘-* — correlation coefficient not presented as p-value >0.05 (not significant), when correlation coefficient presented p-vale
<0.05; degree of freedom (df) = 7. Aldehydes: 2MP = 2-methylpropanal, 2MB = 2-methylbutanal, 3MB = 3-methylbutanal,
MET = methional, PHE = phenylacetaldehyde, FUR = furfural, HEX = hexanal, and T2N = trans-2-nonenal.
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EXPLORATIVE MONITORING ON THE EVOLUTION OF FREE AND CYSTEINYLATED ALDEHYDES DURING MALTING

3.4. Conclusions

The study carried out in chapter 3 presents the first detailed investigation on the evolution
of both free and cysteinylated aldehydes throughout the industrial-scale malting process.
In addition, possible relationships between free aldehydes, cysteinylated aldehydes, and
standard quality parameters of malt were analysed.

Exploratory monitoring of levels of free and cysteinylated aldehydes throughout
industrial-scale malting, demonstrated that the content of both free and cysteinylated
aldehydes, clearly increases from barley to finished malt. More specifically, the initial stage
of germination points to enzymatic fatty acid oxidation as reflected by the formation
of hexanal and trans-2-nonenal, whereas kilning (in particular, the stage of green malt drying
when moisture declines from approx. 30% to 4.5%) appears to be critical for the formation
of (cysteinylated) Strecker aldehydes, as well as for generation of furfural. Moreover, at this
particular stage, a pronounce decrease in levels of hexanal were observed. A second
pronounced increase in levels of trans-2-nonenal was observed during kilning-off. Finally,
at the very end of malting, i.e. cooling of malt, increased levels of Strecker aldehydes, furfural
and cysteinylated aldehydes were noticed in this study.

Comparison between levels of aldehydes in barley, germinating barley and finished pale malt,
derived from three different malting batches, confirmed the increase in levels of aldehydes
during the malting process, as observed in the single batch experiment, described
in the previous paragraph. Thus, the highest values of free and cysteinylated aldehydes were
again found in finished pale malt, except for hexanal, which already reached its maximum
at the beginning of germination.

Finally, from comprehensive analysis of standard quality parameters, amino acids, and
aldehydes in pale malts, it can be concluded that a particular set of malt quality parameters
(thiobarbituric acid index (TBI), colour, total soluble protein (TSP), Kolbach Index (Kl), free
amino nitrogen (FAN), diastatic power (DP), and a-amylase activity) seem to be associated
with the development of free aldehydes, especially Strecker degradation aldehydes.
Moreover, strong positive correlations (r 20.8) were always found between individual amino
acids and their corresponding, individual free Strecker aldehydes. Also, a positive relationship
(r>0.8) between levels of individual, free Strecker aldehydes and levels of their corresponding
cysteinylated forms was found, in accordance with generally known thermodynamics
of chemical equilibrium.
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Chapter 4

Evaluation of industrial-scale malting
in relation to process-associated
physicochemical gradients and the
formation of staling aldehydes
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EVALUATION OF INDUSTRIAL-SCALE MALTING IN RELATION TO PROCESS-ASSOCIATED PHYSICOCHEMICAL
GRADIENTS AND THE FORMATION OF STALING ALDEHYDES

4.1. Introduction

Based on the state-of-the-art of literature (for an overview, see Table 1-4, chapter 1, and
Filipowska et al.?33), it is generally accepted that both germination and kilning represent
critical stages in malting, in relation to the development of staling aldehydes. Furthermore,
our explorative study on the evolution of (cysteinylated) aldehydes during industrial-scale
malting (chapter 3), provided additional support to this concept. In chapter 3, it was found
that the initial stage of germination is critical to the formation of hexanal and trans-2-nonenal,
while a particular stage of green malt drying (reduction in moisture from approx. 30% to 4.5%)
resulted in higher levels of (cysteinylated) Strecker aldehydes and furfural. In addition, cooling
of malt at the very end of malting also contributed to increased levels in aldehydes (except
for free hexanal). These observations on the evolution of aldehydes throughout a single,
industrial-scale, pale malt production process, provided promising, new insights, which will
be re-analysed and further evaluated in this part of the PhD. Consequently, the first objective
of chapter 4 is to more reliably specify the most critical point(s) regarding generation of free
and cysteinylated aldehydes during malting. To this end, a comprehensive analysis
on the levels of both free and cysteinylated aldehydes is performed on dedicated samples
collected throughout two independent, industrial-scale pale malt productions, with the focus
on germination, kilning, and cooling.

From the technological point of view, commonly applied pneumatic malting techniques lead
to inevitable inhomogeneity among kernels positioned at different heights of a thick grain
bed layer. The resulting gradients become especially pronounced during kilning when dry,
warm air is supplied from the floor level of the kiln and turning is omitted'?42°, Consequently,
kilning conditions (in particular, conditions of temperature and moisture) may highly differ
between kernels positioned in the upper and the lower layers of a grain bed, thereby affecting
finished malt quality!4>234235, For example, higher Kolbach Index?**> was determined in malts
derived from the upper layer. Moreover, a lower a-amylase activity?** and LOX-activity>® were
measured in malts collected from the bottom layer. Since some of these parameters (e.g.
Kolbach Index) were found to be related to aldehydes (see chapter 3), we hypothesise that
the formation of staling aldehydes in different grain bed layers might also be affected.
Therefore, the second aim of this study is to investigate as to which extent currently inherent,
process-related gradients might contribute to differential formation of aldehydes. Thus,
levels of (cysteinylated) aldehydes will be determined in dedicated samples collected from
the bottom, middle, and top layers of the grain bed during industrial-scale kilning, and the
results obtained will be evaluated in relation to the progress of the drying process and the
applied head load.
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4.2. Materials and methods

4.2.1. Chemicals

Detailed information on the chemicals used for determination of free and cysteinylated
aldehydes may be found in chapter 2, section 2.2.1. Chemicals required for determination
of TBI and standard malt quality parameters are specified in chapter 3, section 3.2.1.

4.2.2. Malting process

Industrial-scale operations were performed at the malting facility of Boortmalt Antwerp,
Belgium. Six-row winter barley variety Etincel was subjected to two independent
industrial-scale malting procedures for pale malt production, resulting in the malting batches
K and L. The malting regime comprised 34h of steeping, 96h of germination with periodic
turning, and approx. 22h - 23h of kilning. According to the information provided
by the malting company, steeping degrees were similar for both batches, as well as moisture
contents measured at the end of germination. Furthermore, total kilning times for batches K
and L were 22h 31 min and 21h 32 min, respectively. The one hour difference in kilning time
results from the kilning cycle being controlled by the conditions during the real-time
performance of kilning, rather than by a pre-set time-temperature program. Consequently,
kilning time of batch K was prolonged for 30 min at the stage of 72°C and 20 min at the stage
of 85°C. At the end of malting max. 50 min of cooling (95% of fan speed) was applied.

Sampling: at onset of the process (barley); after every day of germination, starting with onset
of germination (GMO) and finishing after the fourth day of germination (GM4); during kilning,
every 1-2h between 12-18h of green malt drying (K12-K18), and every 0.5-1h between 18.5h
(K18.5h) up to the end of kilning; during cooling every 10-15 min staring from the onset
of cooling (CO) up to 50 min (C50), and at the end of the process (finished pale malt without
rootlets).

Sampling during germination was performed according to the internal standard protocol
for sample collection. Samples during kilning were collected from three different layers
of the grain bed, i.e. bottom layer (5 cm), middle layer (56 cm) and top layer (117 cm),
measured from the floor level of a germination-kilning vessel. Samples during cooling were
collected from the top layer.

4.2.3. Determination of free aldehydes in samples from industrial-scale
malting

Quantitative determination of free aldehydes in samples from industrial-scale malting was
performed according to the optimised in chapter 2 procedure — description of sample
preparation is presented in chapter 3, section 3.2.3, while instrumental conditions in chapter
2, section 2.2.2. In this study, concentrations are presented as ‘peak area ratio/kg dm’.
Term ‘peak area ratio’ refers to ratio between area of a peak of an individual aldehyde and
area of a peak of the corresponding internal standard. The obtained value is corrected
for the dilution factor from sample preparation (x100) and moisture content of an analysed
sample.
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4.2.4. Determination of cysteinylated aldehydes in samples from
industrial-scale malting

Quantitative determination of cysteinylated aldehydes in various samples from
industrial-scale malting was performed on freeze-dried powders of either barley, germinating
barley, green malt or finished malt samples, adapted to a moisture content of approx. 4%
(for more details on the procedure of freeze-drying, see chapter 2, section 2.2.10).
Determination of cysteinylated aldehydes was further carried out as described in chapter 2,
section 2.2.9. In this study, concentrations are presented as ‘peak area ratio/kg dm’.
Term ‘peak area ratio’ refers to ratio between peak area of an individual cysteinylated
aldehyde and area of the same compound determined in the ‘quality control’ sample.
The ‘quality control’ is prepared in the same way as calibration sample (see chapter 2, section
2.2.9), and it is analysed immediately after each malt extract sample. The ‘peak area ratio’
is further corrected for the dilution factor (x20) and moisture content of an analysed sample.

4.2.5. Determination of TBI in samples from industrial-scale malting

Determination of the thiobarbituric acid index (TBI) was performed on 2 g of freeze-dried
powders of either barley, germinating barley, green malt or finished malt samples, adapted
to a moisture content of approx. 4% (for more details on the procedure of freeze-drying, see
chapter 2, section 2.2.10). TBl was measured following the adapted method of Coghe et al.?'8,
which itself is based on the method described by Thalacker and Brikenstock?!® (for more
details, see chapter 3, section 3.2.5.).

4.2.6. Determination of moisture content in samples from industrial-scale
malting
Moisture content was assessed according to the European Brewery Convention methods

(EBC Analytica, 2018) — EBC method 3.2 was applied for barley, while EBC method 4.2 was
used for germinating barley, green malt, and finished malt samples.

4.2.7. Determination of standard quality parameters of finished malt
Standard quality parameters of finished malt were assessed according to the European

Brewery Convention methods (EBC Analytica, 2018) as described in chapter 3, section 3.2.7.

4.2.8. Statistical analysis

Statistically significant differences were analysed by one-way ANOVA (p-value <0.05 was
selected for statistical significance). To identify differences between multiple groups
of samples, one-way ANOVA was followed by a post-hoc HSD Tukey’s test (applied software:
SPSS Statistics 26 by IBM, USA). Statistical correlations amongst data were calculated via
Pearson’s correlation coefficients (r) (applied software: SPSS Statistics 26 IBM, USA).
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4.3. Results and discussion

4.3.1. Evaluation of quality parameters of pale lager malts derived from two
industrial-scale malt productions

This section will discuss the basic quality parameters of pale lager malts, derived from two
independent, industrial-scale malting processes (malting batch K and malting batch L), carried
out at the same malting facility. Significant differences between the quality of both malts are
found (see Table 4-1). Malt L clearly shows a higher degree of proteolytic modification (higher
levels of total soluble protein, Kolbach Index, and free amino nitrogen), as well as higher
enzymatic potential (higher diastatic power and a-amylase activity). The difference
in cytolytic modification is limited, however, it can be regarded as significant, since a lower
B-glucan content and a higher viscosity were determined in Congress wort derived from
malt L. The higher viscosity may be related to a higher percentage of partly unmodified grains.
The latter includes the count of whole grains, which have been reported to increase wort
viscosity?3®. In addition, no statistically significant difference was found in colour between the
two malts, whereas the thiobarbituric acid index (TBI) in malt L was significantly higher than
in malt K (even though the total kilning time of batch K was longer). The apparent
contradiction between colour and TBI is due to the fact that malt L is more strongly modified,
which is associated with more formation of carbonyl compounds (during the later kilning
stage), and, therefore, with a higher TBI value. Thus, it appears that, at least for pale lager
malts, measured TBI values do not necessarily directly reflect the amount of heat load applied
during kilning. Accordingly, regarding the content of free aldehydes, malt L in comparison
to malt K, contains approx. 2.5 times more free aldehydes. In particular, much higher levels
of Strecker aldehydes (3.1-fold up to 4.4-fold, depending on the nature of the aldehyde) were
determined in malt L. Based on the data on proteolytic modification of the malts and levels
of Strecker aldehydes, it is hypothesised that higher proteolytic modification may lead
to higher levels of Strecker aldehydes in finished malt, since higher amounts of suitable
precursors (amino acids?'’) and reactants (a-dicarbonyls’®) for Strecker degradation have
been reported in more modified malts. Next to more Strecker aldehydes, 4-fold higher levels
of furfural are present in malt L, which is also reflected by the higher TBI value. Furthermore,
malt L contains approx. two times the amount of hexanal and trans-2-nonenal, when
compared to malt K. The content of cysteinylated aldehydes was approx. 2.2 times higher
in malt L, in comparison to malt K.

Comparison of free and cysteinylated aldehydes shows that levels of individual free aldehydes
are always higher than levels of their cysteinylated counterparts. Furthermore, 3MB appears
to be the major free aldehyde, followed by PHE, 2MP, and 2MB. Likewise, 3MB-CYS was found
in the highest concentration in all samples, followed by PHE-CYS, 2MP-CYS and 2MB-CYS.

In summary, measurements on standard malt quality parameters and levels of (cysteinylated)
aldehydes differ significantly for malt K and malt L. Therefore, in the following sections,
the malting batches K and L will be discussed separately.
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Table 4-1. Comparison of standard quality parameters and levels of free and cysteinylated
aldehydes, determined in finished malts derived from the industrial-scale maltings K and L.

M?Itmg process/ Malting K Malting L 'Sta'ti_stical
Analytical parameter significance
Mean SD Mean SD
Moisture (%) 4.4 + 0.2 4.3 + 0.2
Extract yield (% dm) 79.7 + 0.4 81.5 + 04
Colour (EBC) 2.7 + 04 33 + 04
TBI (for 2 g dm) 7.66 + 011 13.38 + 0.14 *
Friability (%)  77.8 + 17 784 + 17
Homogeneity (%) 93.2 + 0.5 91.8 + 05 *
Partly unmodified grains (%) 6.8 + 0.5 8.2 + 0.5 *
B-Glucan (mg/L) 306 + 20 259 + 20 *
Viscosity (mPas) 1.56 + 0.02 1.61 + 0.02 *
Total protein (% dm) 10.6 + 0.3 10.5 + 03
Total soluble protein (% dm) 3.8 + 0.2 4.5 + 0.2 *
Kolbach index (%) 35.7 + 14 42.5 + 1.4 *
Free amino nitrogen (mg/L) 122 t 9 173 * 9 *
Diastatic power (°WK) 379 + 25 483 + 25 *
a-Amylase activity (DU) 44.0 + 5.5 60.0 + 55 *
pH 5.99 + 0.05 5.91 + 0.05
Sum of free aldehydes
2,997 7,666
(ng/kg dm)
2MP 375 + 16 1,270 + 234 *
2MB 370 * 25 1,252 + 263 *
3MB 655 * 45 2,033 + 138 *
MET 71 + 11 312 + 46 *
PHE 380 + 39 1,493 + 362 *
FUR 176 + 16 705 + 135 *
HEX 191 * 29 358 + 42 *
T2N 124 * 15 244 + 43 *
Sum of cysteinylated aldehydes
548 1,216
(ng/kg dm)
2MP-CYS 92 + 6 334 + 4 *
2MB-CYS 36 * 3 100 * 1 *
3MB-CYS 218 * 20 477 * 21 *
MET-CYS 27 + 65 + *
PHE-CYS 110 + 209 + *
FUR-CYS <LOD <LOD
HEX-CYS 65 * 4 31 * 1 *

Compounds: 2MP = 2-methylpropanal, 2MB = 2-methylbutanal, 3MB = 3-methylbutanal, MET = methional, PHE = phenylacetaldehyde, FUR
= furfural, HEX = hexanal, and T2N = trans-2-nonenal, 2MP-CYS = cysteinylated 2-methylpropanal, 2MB-CYS = cysteinylated 2-methylbutanal,
3MB-CYS = cysteinylated 3-methylbutanal, MET-CYS = cysteinylated methional, PHE-CYS = cysteinylated phenylacetaldehyde, FUR-CYS =
cysteinylated furfural, and HEX-CYS = cysteinylated hexanal (cysteinylated trans-2-nonenal is not presented as the reference compound was
not available). Results are presented as mean values (n=2 or 3, depending on the measured analytical parameter) + standard deviation (SD).
Statistical comparison between batches by Student’s t-test; * = statistically significant (p-value < 0.05).
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4.3.2. Monitoring of free and cysteinylated aldehydes throughout
industrial-scale malting

A comprehensive analysis of the levels of (cysteinylated) aldehydes was performed
on dedicated samples collected throughout two independent, industrial-scale pale malt
productions, with the focus on germination, kilning, and cooling.

Quantitative data on free and cysteinylated aldehydes determined in samples collected
throughout malting process Kand L are presented in Appendix A and Appendix B, respectively.
Since several data appear to be <LOQ, in this and the following sections, the evolution of free
and cysteinylated aldehydes during malting will include only measured values above LOD
(however, not necessarily above LOQ), and will be presented therefore
as ‘peak area ratio/kg dm’, as a function of malting time. As a consequence, potential
differences among samples can be presented in a clear, reliable way (for more information
on calculation of ‘peak area ratio/kg dm’ see section 4.2.3., of ‘Materials and Methods’).

The evolution of the sum of (cysteinylated) aldehydes throughout industrial-scale pale malt
production (batches K and L) is depicted in Figure 4-1. The overall pattern appears
to be similar in both malting batches, even though considerably higher levels
of (cysteinylated) aldehydes were determined in samples derived from malting L. Clearly,
in both batches, the content of (cysteinylated) aldehydes increases from barley to finished
malt. During germination, a limited increase in total aldehydes is observed, while during
kilning (in particular during the last hours of this stage), the increase is much more
pronounced. In both batches K and L, samples collected from the bottom, middle, and top
layer of the kiln, respectively, showed differences. Clearly, the lowest amount of aldehydes
was always found in the top layers (differences in levels of (cysteinylated) aldehydes, caused
by process-related gradients will be discussed in detail in section 4.3.3.). Finally, regarding
these malting batches Kand L, cooling only shows a minor effect on (cysteinylated) aldehydes.
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CHAPTER 4

The evolution of individual free aldehydes as a function of the duration of industrial-scale
malting (batches K and L) is depicted in Figure 4-2. Measurements on the corresponding
cysteinylated aldehydes are shown in Figure 4-3. Only major changes in levels of free and
bound-state aldehydes will be discussed, because each time point is represented by a single,
biological sample, and because representative sampling from industrial-scale productions
of tons of malt is anyway highly complicated.

The results obtained for individual (cysteinylated) aldehydes resemble the evolution
described for the sum of (cysteinylated) aldehydes. Generally, evolution patterns are similar
for malting K and malting L, and they differ among aldehydes originating from different
chemical pathways. On the one hand, Strecker aldehydes all show a similar behaviour during
the malting process, likewise furfural, as both types of aldehydes are connected
to the Maillard reaction?33. However, the evolution of the fatty acid oxidation products,
hexanal and trans-2-nonenal, is clearly different from the other aldehydes (for instance, more
pronounced increases during germination are noticed, because of LOX-activity). When
comparing hexanal and trans-2-nonenal, a differential behaviour can be observed, which can
be ascribed to specific properties of the lipoxygenase enzymes involved in their formation
(LOX-1 leading to trans-2-nonenal and LOX-2 to hexanal)®>??3, as well as to differences
in volatility of these aldehydes??®. In general, cysteinylated aldehydes evolved similarly
to their free counterparts.

All of the above observations made for the malting batches K and L are largely in accordance
with our previous findings on malting batch G (see chapter 3).

Regarding particular stages of malting, in barely, all investigated free and cysteinylated
aldehydes were <LOD. During germination, a first increase in levels of (cysteinylated) hexanal,
trans-2-nonenal, and 2-methylpropanal was observed. As mentioned before, the increase
inlevels of fatty acid oxidation products during germination is well known from
literature®4110112 and also in accordance with our previous findings (see chapter 3).
Furthermore, an increase in levels of 2-methylpropanal during germination has also been
reported by Dong et al.*°. During kilning, levels of all individual (cysteinylated) aldehydes
significantly increase (except for hexanal). The observed increases remain moderate until
approx. 18 h of kilning (for both batches K and L), while in the later stage, levels in individual
aldehydes increase much faster, in particular in the bottom layer of the kiln. This is due
to more exposure to heat, which is known to accelerate the formation of, in particular,
furfural and Strecker aldehydess’”110.133,

Regarding malt cooling, no statistically significant differences among the various samples
collected as a function of cooling time, are found (see Table 4-2). In chapter 3, however,
cooling appeared to have a pivotal impact on aldehyde formation. Therefore, more detailed
investigations regarding the stage of malt cooling are required.

In summary, the results obtained from monitoring of two independent, industrial-scale, pale
lager malt production processes, indicate that germination and, in particular kilning should
be regarded as critical stages of malt production in relation to the formation of aldehydes.
In addition, these findings largely confirm our results obtained in chapter 3. Moreover,
it is shown for the first time that process-related gradients appear to impact formation
of (cysteinylated) aldehydes during kilning. In the following section, statistical analysis
is performed in order to determine the potential significance of the observed differences
in levels of aldehydes between the grain bed layers of the kiln.
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Table 4-2. Statistical comparison between levels of free and cysteinylated aldehydes in samples
collected during the cooling stage of the malting batches K and L.

Cooling time (min)/ Cooling K Cooling L

Compound 15 30 40 50 0 10 20 30 40
2MP / 2MP-CYS a/l a/l b/LIl ab/ll |ab/l a/l ab /| ab/1Il b/l
2MB / 2MB-CYS a/l a/Ll a/Lil a/ll ab/1 a/ll ab/Ill ab/IV b/IV
3MB / 3MB-CYS a/l a/Ll a/ll al/ll al/l a/ll al/ll a/ll a/ll
MET / MET-CYS a/l ab/LIl b/l ab/LIl |ab/l a/ll ab/Il ab/lI b/l
PHE / PHE-CYS a/l a/Ll a/Lil a/ll ab/1 a/ll ab /| ab/Im b/Iv
FUR / FUR-CYS a/- a/- a/- a/- ab/- c¢/- ac/ - a/- b/-
HEX / HEX-CYS a/l a/Ll a/ll a/Ll ab/1 ab/Il ab/1Il a/LIL  b/LI
T2N a a a a a b b b b

Compounds: 2MP = 2-methylpropanal, 2MB = 2-methylbutanal, 3MB = 3-methylbutanal, MET = methional, PHE =
phenylacetaldehyde, FUR = furfural, HEX = hexanal, and T2N = trans-2-nonenal, 2MP-CYS = cysteinylated 2-methylpropanal,
2MB-CYS = cysteinylated 2-methylbutanal, 3MB-CYS = cysteinylated 3-methylbutanal, MET-CYS = cysteinylated methional,
PHE-CYS = cysteinylated phenylacetaldehyde, FUR-CYS = cysteinylated furfural, and HEX-CYS = cysteinylated hexanal
(cysteinylated trans-2-nonenal is not presented as the reference compound was not available). FUR-CYS<LOD. Statistical
comparisons between malt samples collected during cooling is performed by post-hoc HSD Tukey’s test to distinguish among
significant different groups (p <0.05) (groups for free aldehydes: a, b, c; groups for cysteinylated aldehydes |, II, llI, IV).
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Figure 4-2A. Evolution of individual free aldehydes during industrial-scale malting, resulting in batch K (left side)
and batch L (right side).
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Figure 4-2B. Evolution of individual free aldehydes during industrial-scale malting, resulting in batch K (left side)

and batch L (right side).
Analysed samples: barley; GM = germinating barley (GMO = onset of germination; GM1-GM4 = germinated for 1, 2, 3, 4 days, respectively); K = samples taken
at kilning, after 12h up to 22h of kilning; C = samples taken at cooling, after 0 min up to 50 min; FIN = finished malt (without rootlets). Sampling during
germination is indicated by diamonds (#); during kilning, samples were collected from TOP (¢), MIDDLE (A ) and BOTTOM (m) grain bed layer, while during

cooling, samples were taken only from the TOP layer (). Compounds: 2MP = 2-methylpropanal, 2MB = 2-methylbutanal, 3MB
PHE = phenylacetaldehyde, FUR = furfural, HEX = hexanal, and T2N = trans-2-nonenal. Results are expressed as mean values (n=3), error bars
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Figure 4-3A. Evolution of individual cysteinylated aldehydes during industrial-scale malting, resulting in batch K
(left side) and batch L (right side).
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Figure 4-3B. Evolution of individual cysteinylated aldehydes during industrial-scale malting, resulting in batch K
(left side) and batch L (right side).

Analysed samples: barley; GM = germinating barley (GMO = onset of germination; GM1-GM4 = germinated for 1, 2, 3, 4 days, respectively);
K = samples taken at kilning, after 12h up to 22h of kilning; C = samples taken at cooling, after 0 min up to 50 min; FIN = finished malt (without
rootlets). Sampling during germination is indicated by diamonds (#); during kilning, samples were collected from TOP (e), MIDDLE ( A) and
BOTTOM (m) grain bed layer, while during cooling, samples were taken only from the TOP layer (¢). Compounds: 2MP-CYS = cysteinylated 2-
methylpropanal, 2MB-CYS = cysteinylated 2-methylbutanal, 3MB-CYS = cysteinylated 3-methylbutanal, MET CYS = cysteinylated methional,
PHE-CYS = cysteinylated phenylacetaldehyde, FUR-CYS = cysteinylated furfural, and HEX-CYS = cysteinylated hexanal (cysteinylated trans-2-
nonenal is not presented as the reference compound was not available). Results are expressed as mean values (n=3), error bars = standard
deviation.
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4.3.3. Evaluation of process associated gradients in relation to the formation
of staling aldehydes

The results presented in the previous part 4.3.2., strongly suggest that process-related
gradients, caused by pneumatic processing in a relatively thick grain bed, and thereby
provoking physicochemical differences between the various layers, may also impact
formation of (cysteinylated) aldehydes. Since these gradients arise mainly during kilning,
we will focus the analysis on this stage of malting. The objective is to statistically evaluate
in the malting batches K and L, variations among levels of aldehydes determined in various
samples derived from the bottom, middle and top layer of the kiln, as a function of kilning
time.

For all (cysteinylated) Strecker aldehydes, similar results were obtained (see Appendix Cand D
for free and cysteinylated Strecker aldehydes, respectively). Therefore, as an example, only
the results obtained on 3-methylbutanal (3MB) and cysteinylated 3-methylbutanal (3MB-CYS)
are presented here. Generally, statistically significant differences in levels of 3MB were found
when comparing the three grain bed layers (see Figure 4-4). Kernels positioned in the bottom
layer, and, because of that, directly exposed to dry, warm air, always showed the highest
levels of 3MB. On the contrary, the lowest levels of this aldehyde were found in kernels
derived from the top layer (exposed to relatively more humid and cooler air). In batch K, levels
of 3MB determined in the bottom and middle layer were quite comparable throughout
kilning, whereas in batch L, a clear difference between all layers can be observed, especially
after longer kilning times. At the end of kilning, approx. 5 times (batch K) and 6 times (batch L)
higher levels of 3MB were determined in the bottom layer compared to the top layer
(for quantitative data on 3MB and other free aldehydes, see Appendix A).

Regarding 3MB-CYS (see Figure 4-4), statistically significant differences between kernels
positioned in the bottom and top layer are also observed in both batches K and L. Differences
in the evolution of 3MB between the bottom and middle layer in both batches K and L can
be seen, but they are less pronounced. At the end of kilning, approx. 3 times (batch K) and
6 times (batch L) higher levels of 3MB-CYS were determined in samples derived from
the bottom layer versus the upper layer (for quantitative data on 3MB-CYS and other
cysteinylated aldehydes, see Appendix B).

The evolution of furfural (FUR) as a function of kilning time in samples derived from the three
layers of the kiln bed, is similar to the one described above for Strecker aldehydes (see Figure
4-5). Thus, always the highest levels of FUR are found in the bottom layer and differences
among layers become more pronounced as kilning proceeds. At the end of kilning,
approx. 4 times (batch K) and 6 times (batch L) higher levels of FUR were determined
in the bottom layer compared to the top layer.

Figure 4-6 represents the evolution of hexanal (HEX) in the three grain bed layers as a function
of kilning time. Based on statistical analysis, an unequivocal judgement on the potential effect
of process-related gradients in relation to HEX cannot be made (due to fluctuations in levels
of this compound during kilning, probably because of the high volatility of HEX). At the end
of kilning, levels of HEX were comparable in the three layers and also comparable to the initial
levels, determined at the start of monitoring the kilning process. Regarding the non-volatile,
cysteinylated hexanal (HEX-CYS), statistically significant differences between the three
investigated layers of the grain bed can be noticed for both batches (see Figure 4-6).
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At the end of kilning, the highest HEX-CYS content was found in the middle layer, and lowest
values were measured in the top layer.

The evolution of trans-2-nonenal (T2N) is presented in Figure 4-7. In batch K, levels of T2N
were always the lowest in the top layer and were statistically different from the middle and
bottom layer, which showed similar behaviour. For batch L, visual inspection of Figure 4-7
allows to observe differences in levels of T2N between bottom and top layers towards the end
of kilning. However statistical analysis does not provide conclusive evidence for this
observation.

Data presented in this section suggest that process-related gradients (caused by variable
exposure to heat load within the thick grain bed), significantly affect generation of both free
and cysteinylated aldehydes during the course of kilning. Generally, the highest levels
of aldehydes were found in samples derived from the bottom layer, thus the ones exposed
to the highest heat load. As far as we know, this is the first scientific reporting and
unambiguous analytical evidence of the occurrence of ‘staling aldehydes gradients’
in nowadays applied pneumatic malting. It is further hypothesised that the existence
of such pronounced gradients in final (pilsner) malt quality, may ultimately impair beer
quality, and, in particular, beer flavour stability.
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Figure 4-5. Evolution of furfural as a function of kilning time in samples collected from
the bottom (B), middle (M) and top (T) layer of the kiln - malting batch K (left side), malting
batch L (right side).

Results are expressed as mean values (n=3), error bars = standard deviation. Statistical comparisons between bottom, middle

and top layer by post-hoc HSD Tukey’s test to distinguish among significant different groups (p<0.05) (a, b, c). x — statistical
comparison not shown because quantification values are below LOD. FUR-CYS<LOD.
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Figure 4-7. Evolution of trans-2-nonenal as a function of kilning time in samples collected from
the bottom (B), middle (M) and top (T) layer of the kiln - malting batch K (left side), malting
batch L (right side).
Results are expressed as mean values (n=3), error bars = standard deviation. Statistical comparisons between bottom, middle

and top layer by post-hoc HSD Tukey’s test to distinguish among significant different groups (p<0.05) (a, b, c). x — statistical
comparison not shown because quantification values are below LOD.
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4.3.4. Investigation of the potential relationship between levels of aldehydes
during industrial-scale green malt kilning and the evolution of the grain
drying process

The results presented in the previous part 4.3.3. demonstrated that process-related
physicochemical gradients significantly affect generation of aldehydes during green malt
kilning. Therefore, in this section, to better understand the observed differences between
the grain bed layers, levels of individual aldehydes are scrupulously compared with
the evolution of the grain drying process (measured as grain moisture content), as well as
with the evolution of thiobarbituric acid index (TBI).

The evolution of the grain drying process and the TBI varied among grain bed layers. For both
batches K and L, grain moisture content decreased during the monitored stage of kilning
in the bottom, middle, and top layers from approx. 19% - 4%, 24% - 4%, and 39% - 5%,
respectively. For batch K, TBI in bottom, middle, and top layers changed - as a function
of increasing kilning time - from 3 up to 7, 1 up to 6, and <LOD up to 5, respectively, whereas
for batch L, TBI changed from 6 up to 17, <LOD up to 16, and <LOD up to 9, for bottom, middle
and top layers, respectively. Thus, in general, the TBI value is decreasing from bottom layer
over middle layer to top layer, indicating a decrease in the rate of formation of carbonyls.

For all (cysteinylated) Strecker aldehydes, similar results were obtained (see Appendix E).
Therefore, as an example, the results on 3MB and 3MB-CYS are presented here. The overall
pattern of evolution of 3MB during kilning is comparable among the three grain bed layers,
and between both batches K and L, even though levels of 3MB strongly differ among layers
and batches (see Figure 4-8). A relatively slow, gradual increase in levels of 3MB takes place
up to approx. 17.5h - 19h of kilning. From that moment on, however, a sudden increase
in the rate of formation of 3MB is observed, and, moreover, this increase in 3MB appears
to coincide with an increase in TBI and a simultaneous decline in grain moisture content.
More specifically, in the case of batch K, levels of 3MB start to increase rapidly when grain
moisture content reaches approx. 7.0%, 7.0%, and 6.2% in the bottom, middle, and top layer,
respectively. Also, at this particular point of kilning, the TBI value starts to increase and
amountsto 4.1, 3.8, and 3.4 units in the bottom, middle, and top layer, respectively. Likewise,
in batch L, at this critical moment during kilning, a similar behaviour of 3MB is found when
grain moisture content declines to approx. 7.2% (bottom), 7.5% (middle), and 8.8% (top),
respectively, and TBI values start to increase and amount up to 11.9, 11.0, and 4.8 units
in the bottom, middle, and top layer, respectively. The inlet air temperature in both batches
was equal to 78°C, while the outlet air was 66°C in batch K and 68°C in batch L, which may
explain the above made observations, at least in part.

Compared to 3MB, the evolution of the bound-state 3MB-CYS is quite similar to its free
counterpart (see Figure 4-9), which seems logical from of the point of view of chemical
equilibrium.

Comparable results to 3MB were found when evaluating the behaviour of the Maillard
product, furfural (see Figure 4-10). Also this finding is not surprising, since both Strecker
aldehydes and furfural are clearly related to the scheme of the complex, overall Maillard
reaction®® (see also Chapter 1, section 1.1.5.1).

In summary, due to detailed monitoring as a function of kilning time and sampling of different
grain bed layers, we were able to pinpoint that the rate of formation of both Strecker
aldehydes and furfural strongly increases when grain moisture content declines to approx. 7%
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(bottom layer of kiln), and 6% - 9% (top layer of kiln), mainly as a consequence
of the application of a considerable amount of heat load in each layer at this point of kilning
(air temperature ranging from 66°C (outlet air) to 78°C (inlet air)).

Water activity (aw) and processing temperature are already known for decades as important
determinants of the rate of the Maillard reaction?3’-23°, Regarding aw, it is recognised that
Maillard reactions and, in general, maximum browning in food products, mainly occur at aw
values between 0.65-0.709%220, which in malt corresponds to approx. 14% of moisture??! (at
lower aw, Maillard reaction rates decrease, presumably due to somewhat reduced mobility
of reactants?#?). Regarding the effect of temperature, it has been reported that within
temperature ranges from 40°C up to 70°C, the rate of browning approx. doubles per 10°C?4,
while within 60°C - 100°C, the reaction rate increases somewhat faster by approx. 10% per
1°C%2,

Regarding Strecker degradation of amino acids and concomitant formation of a-dicarbonyls
(as principal reactants in Strecker degradation and formation of furfural), Liedke?*? reported
that formation of a-dicarbonyls is enhanced at a water activity, which is clearly lower
(in particular, aw<0.3), compared to the aw values mentioned above for the overall Maillard
reaction (aw = 0.65-0.70). For malt, a water activity of 0.3 corresponds to a moisture content
of approx. 5% - 6%%21, which is quite close to the critical moisture contents as determined
by us for formation of Strecker aldehydes, as well as furfural (for the grain in the bottom layer,
a moisture content of approx. 7%; for the grain in the top layer, a moisture content
of approx. 6% - 9%).

In relation to the impact of temperature, Nobis et al.’®, who studied formation
of 3-deoxyglucosone during malt kilning, reported that the quantities of this particular
a-dicarbonyl compound surpassed the quantities of its Amadori precursor when increasing
kilning temperature from 70°C to 80°C. Also this finding from literature is largely in line with
our study, as a sudden increase in the formation of Strecker degradation products and
furfural, was found by us to occur at temperatures ranging from 66°C - 78°C, depending
on the position of the grain bed layer.

In summary, by applying the above described experimental approach - as far as we know -
this is the first time that the turning point in formation of aldehydes during green malt kilning
has been determined in such a detailed way.

113



CHAPTER 4

3-METHYLBUTANAL
—— 3MB = Moisture = TBI

KILNING K KILNING L
20 13,000
18 11,700
16 §10,4oo 4
12 14 _ 9,100
g 3 | 8L
= =z 1257 | 29 7,800 A
3 103 | © 8 6500 -
(VRN J
= 8 8 2| g & 520
o = 6 - ?‘g 3,900
o0 4 £ 2,600 4
2 1,300
0 0
12 13 14 15 16 17 18 19 20 21 22 23 12 13 14 15 16 17 18 19 20 21 22 23
Kilning time (h) Kilning time (h)
2,500 86— 24 8,250
2,250 . T73 22 7,500
' k67 | 20
£2,000 . - £ 6,750 +
1,750 - T 60_ 18 _ S 6,000
g g2 - o] TS3Ep 6E | 8255 |
> £ 21,500 - " + 47 cf 149 9™
5 L ~N =] QT 4,500 4
o 2 S1,250 T40sh 125 | 2 =7
o o8 £ S © © 3,750 o
2 3 £1,000 - 7331105 | g5
8 & L7278k 3 2 £ 3,000 -
s g 750 - . 10 Ls 8 2,250 A
I “$13 [a = 1,500 -
250 1 T07 |2 750 A
0 ———— &—" 0 0
12 13 14 15 16 17 18 19 20 21 22 23 12 13 14 15 16 17 18 19 20 21 22 23
Kilning time (h) Kilning time (h)
600 T66—T 40 2,200
540 w.___ A54 36 2,000
E 480 - e T 148 |32 __1,800
¥ £1,600
g 2 420 - 421 28 sl
S~ —_ Q
E %% 360 - 365 4% ;;%1/2188
< T ;300 1 300k 208 | 8F
o 3 5 2| 2 51,000
a O © 240 A 245F 165 | o @ gq
O & z 5| g%
= T 180 - 1.8+ 12 T x 600
o
= 120 - 12 £ 400
60 06 200
0 el - 0 0
12 13 14 15 16 17 18 19 20 21 22 23 12 13 14 15 16 17 18 19 20 21 22 23
Kilning time [h] Kilning time (h)

Figure 4-8. Evolution of levels of 3-methylbutanal, grain moisture content, and TBI, determined
in samples collected from bottom, middle and top layers of the kiln, as a function of kilning time
(batch K left side, batch L right side).

Results are expressed as mean values (n=3 for 3MB; n=2 for moisture content and TBI), error bars = standard deviation.

114



EVALUATION OF

INDUSTRIAL-SCALE MALTING

GRADIENTS AND THE FORMATION OF STALING ALDEHYDES

IN RELATION TO PROCESS-ASSOCIATED PHYSICOCHEMICAL

CYSTEINYLATED 3-METHYLBUTANAL

—&—— 3MB-CYS ---®--- Moisture ------#----- TBI
KILNING K KILNING L
6.0 86— 20 20
5.4 18 18
3 §4.8 E 16 o 16
e £ 42 A 14 | = 14
U oog< m S B = =
g = 3536 - . 28| 8 E} 28
o | N ol & ) o
s % < 3.0 0 é :“3 ~ 10:3:
B 2527 } g & £r8 3
o gF18yT ° 2l s Bre =
7
@ J21; & 4
0.6 2
0.0 — —L 0
12 13 14 15 16 17 18 19 20 21 22 23 12 13 14 15 16 17 18 19 20 21 22 23
Kilning time (h) Kilning time (h)
7.0 30
63 9. 27
o ES-G 1 - o — 24
x 2549 - -~ 2En
S 52, oy
s =3" 38
w g B35 - & 15
= " © g =
8 2 228 1 ® 312
= £ ] Z o
E % %52.1 o E % 9
S 814 1 &8s
0.7 1 3
0.0 —_— 0
12 13 14 15 16 17 18 19 20 21 22 23 12 13 14 15 16 17 18 19 20 21 22 23
Kilning time (h) Kilning time (h)
1.8 66— 40 5.5 58— 44
16 4 36 50 { a-m"® . 489 | 40
v =14 - - 32 g4 1 R ¥ 4380 |36
s 8 | =540 o ., T71_F32_
g sE] 28 235 '.‘ +62Er 288
~— ©
E g'ﬁl‘o k 208 o 5301 | 4533 248
a £ 508 | 2| £ s25 T 4431 202
S z=& 9l 520 S 162
£ 506 S| £ 2 + 36zl 16
- O x 12 T X [=
Z® 2315 A +27 |12
> 004 4 8 > a
© O =10 1 + 18 8
0.2 1 4 0.5 - +09 | 4
0.0 R e e 5—L- 0 0.0 it e ——"- 0
12 13 14 15 16 17 18 19 20 21 22 23 12 13 14 15 16 17 18 19 20 21 22 23

Kilning time (h)

Kilning time (h)

Figure 4-9. Evolution of levels of cysteinylated 3-methylbutanal, grain moisture content, and TBI,
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Results are expressed as mean values (n=3 for 3MB-CYS; n=2 for moisture content and TBI), error bars = standard

deviation.
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Figure 4-10. Evolution of levels of furfural, grain moisture content, and TBI, determined in samples
collected from bottom, middle and top layers of the kiln, as a function of kilning time (batch K
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Results are expressed as mean values (n=3 for FUR; n=2 for moisture content and TBI), error bars = standard

deviatio

n.
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Regarding staling aldehydes and fatty acid oxidation, in particular the evolution
of trans-2-nonenal (T2N) (see Figure 4-11), observed trends in batch K and L, as well as
in the different grain bed layers are comparable, and, furthermore, the patterns resemble
those previously shown for 3MB and FUR. Thus, as observed before, the rate of formation
of T2N strongly increases when grain moisture content declines to approx. 7% (bottom layer
of kiln), and approx. 6% - 9% (top layer of kiln), caused by applying increased heat load
(i.e. air temperature ranging from 66°C (temp. outlet air at top) to 78°C (temp. inlet air
at bottom)). As a result of exposure to higher temperatures, limited enzymatic oxidation
of fatty acids®*, as well as a higher rate of autoxidation, may explain the observed increases
in T2N at this particular point during kilning.

The evolution of hexanal (HEX) during kilning in relation to the grain drying process and TBI,
shows some difference in comparison to the other aldehydes (see Figure 4-12). When
considering only the major changes in levels of HEX, the lowest concentrations are found
at the end of a first stage of kilning, i.e. after approx. 18h - 19h. However, immediately after
this moment, a small to moderated increase in HEX can be noticed. These observations are
most obvious in the bottom layers of both batches and the observed increase in HEX may be
explained in a similar way as was done for T2N.

Regarding cysteinylated hexanal (HEX-CYS), the overall trend is an increase in levels
throughout the process, which is even more pronounced during the second stage of kilning
(more heat load), compared to the first stage of kilning (see Figure 4-13).

Referring to the second stage of the kilning process, when higher temperatures were applied,
obviously, also the most pronounced increases in levels of (bound-state) aldehydes were
found. This is very clear for (cysteinylated) Strecker aldehydes, free furfural, free
trans-2-nonenal, and cysteinylated hexanal. However, regarding free hexanal, a less
pronounced (but still noticeable) increase can be seen.
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Figure 4-11. Evolution of levels of trans-2-nonenal, grain
in samples collected from bottom, middle and top layers of the kiln, as a function of kilning time
(batch K left side, batch L right side).

Results are expressed as mean values (n=3 for T2N; n=2 for moisture content and TBI), error bars = standard

deviation.
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Figure 4-12. Evolution of levels of hexanal, grain moisture content, and TBI, determined in samples
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Results are expressed as mean values (n=3 for HEX; n=2 for moisture content and TBI), error bars = standard

deviation.
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Figure 4-13. Evolution of levels of cysteinylated hexanal, grain moisture content, and TBI,
determined in samples collected from bottom, middle and top layers of the kiln, as a function
of kilning time (batch K left side, batch L right side).

Results are expressed as mean values (n=3 for HEX-CYS; n=2 for moisture content and TBI), error bars = standard
deviation.
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Based on the data already presented in this section, it can be envisaged that the grain drying
process, expressed in terms of the decrease in grain moisture content (caused by gradually
increasing applied heat load), affects the formation of staling aldehydes. To verify this,
correlation coefficients between levels of aldehydes, grain moisture content, and TBI, were
calculated for the three studied grain bed layers in batches K and L. Aiming at reliable results,
only quantifiable data (2LOQ; see Appendix A and Appendix B) were taken into consideration
for these calculations. Consequently, since determinations of cysteinylated aldehydes were
often <LOQ, correlation coefficients are not given for these compounds. For the same reason,
correlation coefficients among variables are not reported for the top layers in batches K and
L. Correlation coefficients are considered significant at a p-value <0.05 (Student’s t-test)
(for calculated correlation coefficients, see Table 4-3).

A first comparison between the physical parameters monitored during kilning, showed that
the observed increase in TBI coincides with the decrease in grain moisture content, as strongly
negative correlations (r between -0.86 and -0.98) were always found between these two
parameters, regardless of the tested grain bed layer or the batch.

Regarding correlation coefficients among individual aldehydes, in general, (very) strong
positive correlations were found, in particular for aldehydes measured in the bottom and
middle layers of both batches. For example, among Strecker aldehydes very strong relations
were found between 2MP and 2MB (r>0.98), 2MP and PHE (r>0.97), as well as PHE and 2MB
(r>0.97). Interestingly, furfural (generally recognised as heat load indicator), shows very
strong correlations with various Strecker aldehydes, such as 2MP, 2MB, 3MB, and PHE.
However, for the fatty acid oxidation indicator, hexanal, no statistically significant
relationships (p>0.05) could be determined with any other aldehyde, including
trans-2-nonenal. Trans-2-nonenal by itself, however, does show to correlate very well with
several other aldehydes, determined in bottom and middle layers, such as for instance with
2MP (r>0.97), 2MB (r>0.98), PHE (r>0.94), and FUR (r>0.93). These data suggest that even
though the chemical origin of trans-2-nonenal is clearly different from Strecker aldehydes and
furfural, its behaviour during kilning is quite similar (see also Figure 4-8, Figure 4-10
to Figure 4-11).

Finally, when comparing physical parameters (moisture content, TBI) with aldehydes,
in the bottom and middle layers of both batches K and L, various strong correlations were
found. In particular, strong and statistically significant positive correlations are found
between TBI and the aldehydes 2MP (r>0.95), 2MB (r>0.94), PHE (r>0.89), and FUR (r>0.87),
respectively. Moreover, strong negative correlations between grain moisture content and
the same aldehydes (2MP, 2MB, PHE, FUR), are noticed (r< -0.70). As could be expected, also
for trans-2-nonenal, strong negative Pearson correlations with moisture content (r< -0.7) and
strong positive correlations with TBI (r>0.88) were obtained. However, according
to the p-value < 0.05, used in the evaluation of statistical significance, calculated correlation
coefficients between trans-2-nonenal and moisture content or TBI, were not statistically
significant.
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Table 4-3. Correlation coefficients among free aldehydes, grain moisture content, and TBI,
determined during kilning of batches K and L (bottom and middle layers samples).

Blc;t;::n BatchK?
Aldehyde | 2MP 2MB 3MB MET PHE FUR  HEX T2N “"(‘;i)"’t ( forng' )
2MP 099  1.00 099 096 -043 097 | -0.88 097
2MB 0.98 1.00 099 097 -045 098 |-0.84 098
3MB 098  1.00 098 091 -089 095 | -097 096
N MET
= PHE 097 099  1.00 098 015 094 | -0.83 097
5 FUR 097 099 1.00 1.00 092 087 | -072 097
HEX 000 055 051 020 011 065 | 036  -041
T2N 1.00 099  1.00 100 093 -0.74 073 088
M(j/’ni)“ 092 -090 -0.93 091 -0.90 -0.20 -0.89 -0.86
(forng'dm) 098 097 097 096 097 -006 096 | -0.89
ng::::e Batch K 3
Aldehyde | 2MP 2MB 3MB MET PHE  FUR  HEX T2N M(‘;ft (forzg'dm)
2MP 1.00 099 100 007 099 |-059 097
2MB 0.99 099 100 -051 100 | -0.81  0.96
3MB 1.00 0.9
. MET
= PHE 097 097 098 1.00 038 097 | 080  0.99
5 FUR 095 096 095 0.97 052 099 | -0.80 098
HEX 054 052 -0.48 039 -0.33 062 | -0.76  -0.484
2N 1.00 100  1.00 1.00 100 -091 091 092
M(;i)s‘ -0.88 -0.82 -0.80 -0.74 -0.70 054 -0.76 -0.88
(forng'dm) 095 094 093 089 087 -042 093 | -0.98

Correlation coefficients indicated in grey background are not statistically significant (p>0.05), moreover, data is not
presented when values on quantification of aldehydes were <LOQ. Degrees of freedom: ‘1’ = 2-10, 2’ = 2-13, ‘3’ = 2-9, ‘4’=
2-13. Compounds: Moist. = moisture, 2MP = 2-methylpropanal, 2MB = 2-methylbutanal, 3MB = 3-methylbutanal, MET =
methional, PHE = phenylacetaldehyde, FUR = furfural, HEX = hexanal, and T2N = trans-2-nonenal.
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4.4, Conclusions

The study carried out in Chapter 4 presents a critical evaluation of industrial-scale malting
in connection to process-associated physicochemical gradients and formation of staling
aldehydes. Moreover, this work intended to indicate the most critical point(s) regarding
generation of free and cysteinylated aldehydes during malting, and to better understand
the relationship of aldehyde formation with basic malting process variables (applied
temperature regime, moisture content of grain).

Monitoring of free and cysteinylated aldehydes throughout two independent, industrial-scale
malting processes demonstrated that the content of both free and cysteinylated aldehydes
is clearly higher in finished malt compared to its starting raw material, barley. More
specifically, during germination, a first, marked increase in levels of (cysteinylated) hexanal
and trans-2-nonenal was observed. Next, during kilning (in particular, after 18h of kilning),
a pronounced increase in levels of (cysteinylated) Strecker aldehydes, furfural, and a further
rise in trans-2-nonenal, was noticed. These outcomes, as a result of two independent,
industrial-scale pale malt productions (indicated as batches K and L) largely confirm our
findings obtained in chapter 3 on malting batch G.

In addition to the observed, overall evolution of aldehydes throughout malting, a clear effect
of process-associated physiochemical gradients on aldehyde formation was found for the first
time. The latter was demonstrated by statistical analysis of levels of aldehydes, measured
in samples collected from the bottom, middle, and top layers of the kiln, as a function
of duration of industrial-scale kilning. The obtained results imply that the gradients, caused
by pneumatic processing in relatively thick grain beds, and thereby provoking
physicochemical differences between the various layers, also significantly affect
the generation of aldehydes. Clearly, except for hexanal, an unequivocal impact
of the location of the grain in the bed was found for all aldehydes. The highest levels
of aldehydes were determined in the bottom layer of the grain bed (exposed to the highest
heat load), and vice versa for the upper layer (exposed to the lowest heat load).

To better understand the observed differences between the layers, levels of aldehydes during
kilning were compared to the evolution of the grain drying process (measured as grain
moisture), as well as the evolution of TBI (generally accepted as a measure of applied heat
load). Irrespective of the grain bed layer, it was found that - except for hexanal - an increase
in aldehydes during kilning coincides with an increase in TBI and a decrease in moisture
content. In particular for the bottom and middle layers of the kiln, strong correlations were
found among free aldehydes, moisture content, and TBI, as a function of kilning time. Based
on available data points and measurements, an increase in rates of formation of carbonyl
compounds in general (TBI) and aldehydes in particular (except for hexanal), appears to occur
when moisture of the grain has reached approx. 6% - 9% whilst considerable heat load is being
applied. Consequently, this specific point in malt production seems to be critical from
the perspective of the formation of carbonyl compounds, including staling aldehydes.
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4.5. Related documents

Appendix A contains quantification of free and cysteinylated aldehydes in samples derived
from different stages of the industrial-scale malting process K.

Appendix B contains quantification of free and cysteinylated aldehydes in samples derived
from different stages of the industrial-scale malting process L.

Appendix C presents statistical evaluation of free Strecker aldehydes as a function of kilning
time in samples collected from the bottom, middle, and top layer of the kiln of batch K and
batch L.

Appendix D presents statistical evaluation of cysteinylated Strecker aldehydes as a function
of kilning time in samples collected from the bottom, middle, and top layer of the kiln of batch
K and batch L.

Appendix E shows evolution of free and cysteinylated Strecker aldehydes in relation the grain
drying process and applied heat load during kilning.
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Evaluation of selected process
variables of industrial-scale malting
as a function of malt quality
parameters and potential beer
flavour (in)stability
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EVALUATION OF SELECTED PROCESS VARIABLES OF INDUSTRIAL-SCALE MALTING AS A FUNCTION OF MALT QUALITY
PARAMETERS AND POTENTIAL BEER FLAVOUR (IN)STABILITY

5.1. Introduction

As described in detail in chapter 1, the choice of barley variety as well as the applied malting
protocol will determine the overall quality of finished malt, including its potential impact
on final beer flavour (in)stability. More specifically, in chapter 1, an overview of the influence
of barley selection and malting on the formation of staling aldehydes and their precursors
is provided in Table 1-4. Nevertheless, the significance of malting process variables in relation
to beer flavour (in)stability remains poorly understood.

In this experimental part of the PhD, the aim is to investigate several industrial-scale malting
process variables that may play a major role in final beer flavour (in)stability. Based
on the availability of suitable samples from industrial-scale production on the one hand, and
our previous findings (see chapters 3, 4) on the other hand, the degree of grain modification
and the kilning-off temperature of pale lager malt were selected as potentially highly relevant,
industrial variables.

Results obtained in chapters 3 and 4, point to the importance of heat load in relation
to aldehyde formation. It was clearly demonstrated that aldehydes increase at the stage
of green malt drying at elevated temperature, as well as during kilning-off. Since these
experimental findings are also supported by data from literature?®!0133  kilning-off
temperature was selected as a first variable. In addition, in chapter 4, detailed process
monitoring of two malting batches pointed to the degree of grain modification as a potential
key factor in relation to the formation of staling aldehydes (i.e. increased grain modification
gave rise to increased levels of aldehydes). It is therefore hypothesised that a higher degree
of grain modification indirectly enhances formation of aldehydes, through the development
of a reservoir of suitable precursors required for generation of aldehydes during subsequent
kilning. Consequently, next to kilning-off temperature, the grain modification was selected
as a second, major variable in this study.

Finally, because of the availability of suitable samples from the malting company, it was also
decided to include sulphuring of green malt at the drying stage of kilning, which isa commonly
applied treatment aimed at reduced formation of cancerogenic nitrosamines?*3,
It is hypothesised that sulphuring may affect levels of aldehydes found in malt, due
to the antioxidative properties of bisulphite as such'® and/or to possible binding of bisulphite
to free aldehydes®!.
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5.2. Materials and Methods

5.2.1. Chemicals

Detailed information on the chemicals used for determination of free and cysteinylated
aldehydes may be found in chapter 2, section 2.2.1. The chemicals required for determination
of TBI, amino acids and standard malt quality parameters are specified in chapter 3,
section 3.2.1.

Determination of trihydroxy fatty acids in malt. Lactic acid (90%, CAS 50-21-5), diethyl ether
(99%, CAS 60-29-7), and pyridine (CAS 110-86-1) were purchased from Merck, Germany.
Silyl-991 (CAS 25561-30-2) was acquired from Machery-Nagel GmbH, Germany. Heneicosane
(98%, CAS 629-94-7) was obtained from Sigma-Aldrich, USA. Brewtan (CAS1401-55-4) was
purchased from OmniChem, Belgium

5.2.2. Malts

All malt samples were provided by Boortmalt Antwerp, Belgium. Following malting variables
were evaluated:

- degree of grain modification - six-row winter barley variety Etincel was subjected to four
independent pale malt productions (malting M, N, O, and P). The difference in the degree
of grain modification was achieved by spraying germinating barley from batch O and P with
gibberellic acid during the first day of germination. Gibberellic acid was not applied in the
preparation of batch M and N. The four batches were kilned-off at 85°C.

- Kilning-off temperature - six-row winter barley variety Etincel was subjected to two
independent pale malt productions (malting A and B). The applied malting program was
similar, except for total kilning time and kilning-off temperature. Total kilning times for
batch A and B were 23h 55 min and 22h 32 min, respectively (green malt A was dried longer
at 70°C for about 1h in order to attain the desired water activity). Kilning-off temperatures
for batch A and B were 85°C and 95°C, respectively.

- Sulphuring during the drying stage of kilning - six-row winter barley variety Passarel was
subjected to two independent pale malt productions (malting C and D). Sulphuring
(burning elemental sulphur at the beginning of green malt drying) was applied on batch C,
whereas sulphuring was not applied when drying green malt D. Both batches were kilned-
off at 85°C.

5.2.3. Determination of free aldehydes in malt

Quantitative determination of free aldehydes in malt samples was performed according
to the optimised procedure as described in chapter 3, section 3.2.3.

5.2.4. Determination of cysteinylated aldehydes in malt
Quantitative determination of cysteinylated aldehydes in malt samples was performed

according to the optimised procedure as described in chapter 2, section 2.2.9.

5.2.5. Determination of standard quality parameters of malt

Standard quality parameters of malt were assessed according to the European Brewery
Convention methods (EBC Analytica, 2018), as described in chapter 3, section 3.2.7.
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5.2.6. Determination of TBI of malt

Thiobarbituric acid index (TBI) was measured following the adapted method
of Coghe et al.?¥, which itself is based on the method described by Thalacker
and Brikenstock?!® (for more details, see chapter 3, section 3.2.5.).

5.2.7. Determination of amino acids in malt

Amino acids were determined with the use of AccQeTag Derivatisation Kit (Waters, USA)
followed by AccQeTag Ultra UPLC-PDA method (Waters, USA), as described in chapter 3,
section 3.2.6.

5.2.8. Determination of trihydroxy fatty acids in malt

Trihydroxy fatty acids (THFAs) were determined in malt samples according to EFBT internal
method based on the combination of methods of Méller-Hergt et al.?** and Wackerbauer and
Meyna?#. The procedure consisted of three main steps: mashing, liquid-liquid extraction
of trihydroxy fatty acids and chromatographic separation with detection. In the first stage,
50.0 g £ 0.05 g of milled malt was mixed with the solution (preheated to 70°C), containing:
390 mL of Milli-Q water, 10 mL of Brewtan solution (6 g/L) and 1 mL of 9% lactic acid. The mix
was mashed for 10 min at 70°C. Then, the weight was corrected by adding Milli-Q water up to
a total weight of 450 g £ 0.2 g. The mash was then filtered using filter paper (Whatman, grade
2555 % pre-pleated 320 mm), whilst cooling the filtrate on ice. The first 20 mL of filtrate were
transferred to a brown-glass bottle and stored at -20°C. In the next stage, 5 mL
of the unfrozen wort sample were vigorously shaken for 3 min with 16 mL of pure diethyl
ether. Then, the mixture was centrifuged for 5 min at 9,000 rpm. The upper layer containing
extracted fatty acids in diethyl ether was collected in a test tube, where the solvent was
evaporated by flushing it with N,. The extraction of wort was repeated three times.
Next, 0.5 mL of internal standard (36.4 mg/L of heneicosane in pure hexane) was added
to the test tube and hexane was evaporated using N,. For derivatisation, 300 pL of Silyl
reagent and 100 pL pyridine were added. The sample was heated at 90°C for 1 h. After cooling,
the liquid was transferred to an HPLC vial and frozen at -20°C until further analysis. Separation
and detection were done by GC-FID Thermo Quest CE Trace 2000 (Interscience, Benelux),
equipped with cyano-phenyl-methyl deactivated retention gap (2.5 m x 0.53 mm i.d., Varian,
The Netherlands), and a fused silica analytical capillary column (CP-Sil 5 CB LOW BLEED/MS;
50 m x 0.25 mm i.d., 0.25 um film thickness, Varian, The Netherlands). Samples (2 pL) were
manually injected using a Hamilton syringe (10 plL, Model 701 N Syringe). The oven
temperature was kept at 40°C for 5 min, then raised to 290°C at 6°C/min and held at 290°C
for 20 min. Helium was used as a carrier gas at a flow rate of 1.0 mL/min. Data processing was
performed by Chromcard software 1.07. The final value (based on two replicates) was
expressed as milligram of THFAs per kilogram of malt dry basis.

5.2.9. Statistical analysis

Statistically significant differences were analysed by Student’s t-test or one-way ANOVA
(p-value <0.05 was considered as statistically significant) (applied software: Excel 365,
Microsoft, USA; SPSS Statistics 26, IBM, USA). For principal component analysis (PCA),
following software was used: Unscrambler 10.5.1, Camo Analytics, Japan.
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5.3. Results and Discussion

5.3.1. Potential impact of grain modification on the formation of aldehydes
during malting

Six-row winter barley (variety Etincel) was subjected to four independent, industrial-scale
pale malt productions, further indicated as malting batches M, N, O, and P. Whereas
gibberellic acid (GA) was not applied in the preparation of batch M and N, batch O and P were
sprayed with GA during the first day of germination. Addition of GA is performed to stimulate
formation of hydrolytic enzymes (in particular, a-amylase and proteases) during
germination4%24¢ which allows shortening germination time and may result in malt
of a higher degree of modification?*’. However, more intense grain modification (increased
cytolysis and proteolysis) will provide an increase in levels of low-molecular-weight
compounds (in particular, amino acids and reducing sugars), and thus result in more
precursors, suitable for later generation of aldehydes during subsequent kilning. Based
on previous observations (chapter 4), this study on four independent industrial-scale pale
malting batches, represents more profound investigation of the potential indirect effect
of grain modification on levels of aldehydes found in finished malt.

As shown in Table 5-1 (comparison of standard quality parameters of malt), generally,
the replicates (batch M and N, as well as batch O and P) appear to be largely comparable.
Addition of GA to batch O and P during the first day of germination, resulted in somewhat
higher a-amylase activity and higher proteolytic modification (i.e. higher content of TSP, KI,
and FAN). Cytolytic modification (assessed by B-glucan content and friability) was however
comparable between the four batches. Thus, in summary, batch O and P, show a higher
degree of grain modification, largely in terms of proteolysis.
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Table 5-1. Comparison of standard quality parameters determined in malts obtained without
addition of gibberellic acid (lower grain modification; batch M and N) and with addition
of gibberellic acid (higher grain modification; batch O and P).

Lower grain Higher grain
Malting variable/ modification modification
Malt quality parameter Batch M Batch N Batch O Batch P
Mean Mean Mean Mean SD
Moisture (%) 4.2° 4.1° 3.7° 4.1° + 0.1
Extract yield (% dm) 80.6° 80.4° 80.6° 80.6° + 0.4
Colour (EBC) 3.1° 2.5° 3.4° 3.3? + 0.4
TBI (for 10 g dm) 8.7% 7.5¢ 10.0° 11.4° + 0.5
Friability (%)  93.6° 90.4° 87.2° 94.2b + 1.7
Homogeneity (%) 98.8° 98.6° 96.42 99.2° + 0.5
B-Glucan (mg/L) 54 1182 1222 42° + 20
Viscosity (mPas) 1.54° 1.57° 1.57° 1.52° + 0.02
Total protein (% dm) 10.3° 10.2° 10.3° 10.1° * 0.3
Total soluble protein (% dm) 4.3% 4.1b 4.6 4.7° + 0.16
Kolbach Index (%) 42.2%¢ 40.3¢ 44,73 46.9° + 1.4
Free amino nitrogen (mg/L) 154b¢ 145¢ 175% 178° + 9
Diastatic power ("WK) 4632 4532 4432 5052 + 25
a-Amylase activity (DU) 58? 520 67° 74° + 5.5
pH 5.96° 5.942 5.95% 5.95% + 0.05

Results are presented as mean values (n=2 or 3, depending on the measured malt quality parameter); standard deviations
(SD) in the column on the right, represent standard deviations of the applied by the maltings analytical method for each malt
quality parameter. Statistical comparisons between the batches M, N, O, and P performed by post-hoc HSD Tukey’s test to
distinguish among statistically significant different (p <0.05) groups (a, b, c).

Quantitative determination of free aldehydes in malts derived from batch M, N, O, and P,
clearly shows that grain modification plays a role in their formation (see Figure 5-1A).
GA addition appears to have a pronounced effect on the formation of Strecker aldehydes and
furfural (levels of these aldehydes almost doubled), whereas an increase in hexanal and
trans-2-nonenal is somewhat less clear, since the batches O and P are statistically different
from batch N, but not from batch M. It is assumed that the results obtained for Strecker
aldehydes and furfural are related to the fact that gibberellic acid triggers formation
of a-amylase'?® (providing substrates for the Maillard reaction), as well as proteases?*®,
thereby increasing levels of i.a. amino acids, which can further undergo Strecker degradation.
Regarding the fatty acid oxidation products hexanal and trans-2-nonenal, exogenous GA
would not have an effect on LOX-activity?*®. Based on the results presented in Figure 5-1A,
although in general, higher levels of hexanal and trans-2-nonenal were noticed in the GA
treated batches, statistically significant different levels were not registered between GA
treated batches and GA untreated batches. Furthermore, in accordance with free Strecker
aldehydes, higher quantities of cysteinylated Strecker aldehydes were determined
in the malts showing a higher degree of modification (malts O and P, see Figure 5-1B).
Also, similarly to free hexanal, levels of cysteinylated hexanal were not statistically different
upon GA treatment.
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In summary, the results presented above largely confirm our previous observations made
in chapter 4. Therefore, it can be concluded that grain modification significantly impacts
formation of aldehydes during malting, e.g. via formation of suitable precursors for later
generation of aldehydes during subsequent kilning.
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Figure 5-1. Levels of free aldehydes (A) and cysteinylated aldehydes (B) determined in malts of low
degree and high degree of grain modification, respectively.

Samples: LM-M - low degree of grain modification batch M; LM-N - low degree of grain modification batch N; HM-O - high
degree of grain modification batch O; HM-P - high degree of grain modification batch P. Compounds quantified: 2MP =
2-methylpropanal, 2MB = 2-methylbutanal, 3MB = 3-methylbutanal, MET = methional, PHE = phenylacetaldehyde, FUR =
furfural, HEX = hexanal, and T2N = trans-2-nonenal, 2MP-CYS = cysteinylated 2-methylpropanal, 2MB-CYS = cysteinylated
2-methylbutanal, 3MB-CYS = cysteinylated 3-methylbutanal, MET CYS = cysteinylated methional, PHE-CYS = cysteinylated
phenylacetaldehyde, FUR-CYS = cysteinylated furfural (<LOD), and HEX-CYS = cysteinylated hexanal (cysteinylated
trans- 2-nonenal is not presented as the reference compound was not available).Results are expressed as mean values (n=3),
error bars = standard deviation. Statistical comparisons between samples LM-M, LM-N, HM-O, and HM-P by post-hoc HSD
Tukey's test to distinguish among statistically significant different (p <0.05) groups (a, b, c).
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5.3.2. Potential impact of kilning-off temperature on the formation
of aldehydes during malting

Six-row winter barley (variety Etincel) was subjected to two independent, industrial-scale pale
malt productions, further indicated as malting batches A and B. Kilning-off temperatures
for batch A and B were set to 85°C and 95°C, respectively. A commonly applied kilning-off
temperature for pale malt production is 85°C (as in the case of batch A). However, for batch B,
presumably to arrive at a pale type of malt with a somewhat increased colour, a higher
kilning-off temperature (95°C) was exceptionally applied by the malting company. Moreover,
in case of batch B, to anticipate more Maillard reactions (i.e. to obtain more colour), increased
proteolysis was aimed at during the industrial processing (see Table 5-2).

From the perspective of beer staling potential of malt, a higher kilning-off temperature will
probably have a direct impact on the formation of aldehydes as more Maillard reactions may
lead to higher levels of furfural and Strecker aldehydes’’/'33, Also, it is known that the rate
of autoxidation leading to fatty acid oxidation products, increases at elevated
temperatures®®24°, However, free aldehydes will also evaporate more when exposed
to higher temperatures.

Based on the discussion above and our previous observations on the relevance of heat load
in relation to the formation of aldehydes (see chapters 3, 4), the specific aim of this work is to
evaluate the effect of the kilning-off temperature (85°C and 95°C, respectively) on levels
of aldehydes in finished malts.

Results on standard quality parameters, individual amino acids, and trihydroxy fatty acids
(THFAs), obtained from malts derived from batch A (kilned-off at 85°C) and batch B
(kilned off at 95°C) are summarised in Table 5-2.
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Table 5-2. Comparison of standard malt quality parameters, individual amino acids, and trihydroxy
fatty acids, determined in malts kilned-off at 85°C and 95°C, respectively.

Malting variable/ Kilning-off at 85°C Kilning-off at 95°C Statistical
Malt quality parameter Batch A Batch B significance
Mean SD Mean SD
Moisture (%) 4.2 + 0.1 3.8 + 0.1 *
Extract yield (% dm) 79.3 + 04 80.4 + 04 *
Colour (EBC) 3.2 + 0.4 5.5 + 04 *
TBI (for10gdm) 12.8 + 0.2 304 + 01 *
Friability (%) 84.4  + 1.7 884 t 1.7 *
Homogeneity (%) 96.2 + 0.5 97.4 + 0.5 *
B-Glucan (mg/L) 94 + 20 62 + 20
Viscosity (mPas) 1.52 + 0.02 1.51 + 0.02
Total protein (% dm) 10.9 + 03 11.0 + 03
Total soluble protein (% dm) 4.19 + 0.16 4.88 + 0.16 *
Kolbach Index (%) 38.4 + 1.4 44.3 + 1.4 *
Free amino nitrogen (mg/L) 134 + 9 178 + 9 *
Individual amino acids (mg/kg dm)
Methionine 175 + 14 140 + 19 *
Valine 514 + 58 588 + 31
Isoleucine 265 + 30 330 + 17 *
Leucine 620 + 71 772 + 30 *
Phenylalanine 494 + 43 714 + 84 *
Cysteine + Cystine 36 + 25 25 + 1.0 *
Diastatic power ("WK) 460 + 25 420 + 25
a-Amylase activity (DU) 51.0 + 55 54.0 + 55
pH 5.90 + 0.05 5.80 + 0.05 *
Trihydroxy fatty acids (mg/kg dm) 29.5 + 3.2 21.5 + 1.1 *

Results are presented as mean values (n=2 or 3, depending on the measured malt quality parameter) + standard deviation
(SD). Statistical comparison between batches by Student’s t-test; * = statistically significant (p-value < 0.05).

It can be seen that kilning-off temperature significantly impacts particular standard quality
parameters of malt. As expected, an increased temperature clearly resulted in a lower
moisture content, higher heat load index (TBI), and higher malt colour. Both malts show
a satisfying degree of cytolytic modification, as can be derived from the relevant parameters
(friability, B-glucan content, viscosity) (recommended values for high-quality pale malt
are provided in Table 3-3, chapter 3). Malts A and B also show comparable diastatic power
and a-amylase activity. However, in malt B (kilned-off at 95°C), a relatively higher proteolytic
modification was observed (higher TSP, FAN, and Kl). Also, in this malt, higher levels
of individual amino acids (except for methionine and cysteine/cystine) were determined.
The measured lower levels of methionine and cysteine/cystine in batch B may be due
to the presence of sulphur in the side chains of these amino acids. In particular, cysteine
(containing a thiol group) is highly sensitive to oxidation®®2> and it is also prone to binding to
e.g. aldehydes®!. Although somewhat less than cysteine, methionine (containing a S-methyl
thioether group) is also sensitive to oxidation®®2°, and, compared to cysteine, it also shows
higher binding affinity towards e.g. metals?*2. In addition, lower concentrations of trihydroxy
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fatty acids (THFAs) were measured in malt kilned-off at 95°C. It is hypothesised that this may
be due to heat-induced, non-enzymatic conversion of THFAs into hexanal and trans-2-
nonenal. In summary, data on the quality parameters of the malts, demonstrate that for malt
B a higher colour was obtained, in combination with a high diastatic power/a-amylase activity
(similar to the enzymatic potential of malt A).

Quantitative determination of aldehydes in malts kilned-off at 85°C and 95°C, clearly shows
the effect of a higher kilning-off temperature on the formation of free and cysteinylated
aldehydes (Figure 5-2). In particular, higher levels of free Strecker aldehydes, cysteinylated
Strecker aldehydes, and furfural were found in malt B (concentrations almost tripled). Also,
significantly higher levels of hexanal and trans-2-nonenal were determined in malt B.

In summary, it has been demonstrated that a relatively high kilning-off temperature (95°C),
in combination with higher proteolytic modification, clearly resulted in elevated levels of free
and cysteinylated aldehydes in finished malt, compared to the standard protocol for pale malt
production with kilning-off at 85°C. Moreover, the results presented above, confirm our
previous findings obtained in chapters 3 and 4, where it was observed that more heat load
imparts generation of aldehydes.
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Figure 5-2. Levels of free aldehydes (A) and cysteinylated aldehydes (B) determined in malts kilned-
off at 85°C and 95°C.

Compounds quantified: 2MP = 2-methylpropanal, 2MB = 2-methylbutanal, 3MB = 3-methylbutanal, MET = methional, PHE =
phenylacetaldehyde, FUR = furfural, HEX = hexanal, and T2N = trans-2-nonenal, 2MP-CYS = cysteinylated 2-methylpropanal,
2MB-CYS = cysteinylated 2-methylbutanal, 3MB-CYS = cysteinylated 3-methylbutanal, MET CYS = cysteinylated methional,
PHE-CYS = cysteinylated phenylacetaldehyde, FUR-CYS = cysteinylated furfural (<LOD), and HEX-CYS = cysteinylated hexanal
(cysteinylated trans 2-nonenal is not presented as the reference compound was not available). Results are expressed as
mean values (n=3), error bars = standard deviation. Statistical comparison between batches by Student’s t-test;
* = statistically significant (p-value < 0.001).
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5.3.3. Potential impact of sulphuring of green malt on the formation
of aldehydes during malting

Six-row winter barley (variety Passarel) was subjected to two independent, industrial-scale
pale malt productions, further indicated as malting batches Cand D. In the production process
of batch C, sulphuring (burning elemental sulphur to obtain sulphur dioxide) was applied
at the beginning of green malt drying, whereas batch D was produced without sulphuring.
Sulphuring is often applied in industrial maltings during the first stage of green malt drying
to reduce levels of carcinogenic nitrosamines in finished malt®”243, However, sulphuring may
have side effects on malt quality, e.g. increased levels of soluble nitrogen and a decreased
malt colour'?®18, presumably due to less Maillard reactions?>3. From the perspective of beer
flavour (in)stability, sulphuring applied during drying of green malt could enhance binding
of free aldehydes, leading to the formation of aldehyde-bisulphite adducts®. In this
experiment, the potential effect of sulphuring on levels of aldehydes in finished malt
is evaluated.

Results on standard quality parameters, individual amino acids, and trihydroxy fatty acids
(THFAs), obtained from malts derived from batch C (with sulphuring of green malt) and batch
D (without sulphuring) are summarised in Table 5-3.

Table 5-3. Comparison of standard malt quality parameters, individual amino acids, and trihydroxy
fatty acids, determined in malts with and without sulphuring during drying of green malt.

Mal'ting variable/ Without sulphuring With sulphuring S'tatis_tical
Malt quality parameter significance
Mean SD Mean SD
Moisture (%) 34 t 0.1 3.6 t 0.1
Extractyield (% dm) 80.9 + 0.4 81.4 £ 0.4
Colour (EBC) 3.2 + 0.4 3.7 + 0.4
TBI (for 10 g dm) 21.3 + 0.3 22.4 + 0.2 *
Friability (%) 904 1.7 86.8 1.7
Homogeneity (%) 984 + 0.5 983 ¢ 0.5
B-Glucan (mg/L) 238 + 20 222+ 20
Viscosity (mPas) 1.57 + 0.02 1.54 + 0.02
Total protein (% dm) 103 0.3 105 £ 0.3
Total soluble protein (% dm) 4.75 0.16 475 ¢ 0.16
Kolbach Index (%) 46.1 14 452 ¢ 14
Free amino nitrogen (mg/L) 165 + 9 163 + 9
Individual amino acids (mg/kg dm)
Methionine 182 + 5 181 + 15
Valine 577 t 25 608 t 65
Isoleucine 334 t 15 353 t 38
Leucine 752 * 36 808 * 87
Phenylalanine 678 + 25 619 + 32
Cysteine + Cystine 35 t 0.7 32 t 3.2
Diastatic power ("WK) 410 t 25 400 t 25
a-Amylase activity (DU) 54.0 * 5.5 51.0 ¢ 5.5
pH 6.01 t 0.05 5.97 t 0.05
Trihydroxy fatty acids (mg/kg dm) 253 2.3 243 5.6

Results are presented as mean values (n=2 or 3, depending on the measured malt quality parameter) + standard deviation
(SD). Statistical comparison between batches by Student’s t-test; * = statistically significant (p-value < 0.05).
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As shown in Table 5-3, there appears to be no difference between sulphured and
non-sulphured malt, regarding standard quality parameters. According to literature49189,
a reduced malt colour and an increased level of soluble nitrogen were expected in sulphured
malt, however, this was not found in our study. Regarding quantification of free aldehydes,
no significant differences between malts produced with and without sulphuring were
observed (see Figure 5-3). Regarding cysteinylated aldehydes, large differences between
the malts were not observed, although somewhat lower levels of 2MP-CYS and 3MB-CYS were
noticed in the sample with sulphuring.

In summary, sulphuring of green malt during drying had no major impact on levels
of aldehydes, neither on malt standard quality parameters.
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Figure 5-3. Levels of free aldehydes (A) and cysteinylated aldehydes (B) determined in malts with
and without sulphuring of green malt during drying.

Compounds quantified: 2MP = 2-methylpropanal, 2MB = 2-methylbutanal, 3MB = 3-methylbutanal, MET = methional, PHE =
phenylacetaldehyde, FUR = furfural, HEX = hexanal, and T2N = trans-2-nonenal, 2MP-CYS = cysteinylated 2-methylpropanal,
2MB-CYS = cysteinylated 2-methylbutanal, 3MB-CYS = cysteinylated 3-methylbutanal, MET CYS = cysteinylated methional,
PHE-CYS = cysteinylated phenylacetaldehyde, FUR-CYS = cysteinylated furfural (<LOD), and HEX-CYS = cysteinylated hexanal
(cysteinylated trans 2-nonenal is not presented as the reference compound was not available). Results are expressed as
mean values (n=3), error bars = standard deviation. Statistical comparison between batches by Student’s t-test;
* = statistically significant (p-value < 0.05).

5.3.4. Multivariate data analysis

In order to identify the main sources of variation in the data set, the collected measurements
including content of (cysteinylated) aldehydes and quality parameters of malts A-D and M-P
were subjected to Principal Component Analysis (PCA). The bi-plot of PC-1 and PC-2 accounts
for 70% of the data variation (see Figure 5-4). When analysing the position of the scores on
the bi-plot, it can be seen that malts of lower grain modification (LM-M and LM-N) group
together and are clearly separated from malts of higher grain modification (HM-O and HM-P).
This observation is in conformity with the previous conclusion made in section 5.3.1. that the
replicates are largely comparable. Further, the wide difference in the positions of the malts
kilned-off at 85°C and 95°C, respectively (located in opposite quadrants of the bi-plot) points
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to a high impact of heat load on the analysed characteristics of the malts (see also outcomes
of section 5.3.2). In respect of sulphuring, as mentioned previously in section 5.3.3., little
differences regarding aldehydes and malt quality parameters were found, which is reflected
in the bi-plot by the very close positioning of the samples S and NS.

In conclusion, regarding the eight, analysed industrial-scale maltings, grain modification and,
in particular, kilning-off temperature appear to have a large impact on the standard malt
quality parameters and levels of aldehydes.

Regarding the position of loadings on the bi-plot, free Strecker aldehydes and furfural can
be mainly associated with thiobarbituric acid index (TBI), as well as colour (Col), total soluble
protein (TSP), Kolbach Index (KI), and free amino nitrogen (FAN). Similar relationships were
also found in chapter 3.

Interestingly, the loadings of the fatty acid oxidation aldehydes, hexanal and trans-2-nonenal,
are clearly different from the other marker aldehydes. This differential behaviour
in comparison to the other aldehydes and to each other, fully corresponds to our previous
observations (see chapters 3 and 4).

Bi-plot
1 &
{ ®95°C T2N oP HM.-P
0.8 | Col FAN ¢
1 N Kl
i FUR @ e HM-O
06 ] 1. o15P e .
. 041 HE 11 Fr 'J.'S
F 021 YELE e ¢ Hom LM-M
- Tl 2M °
= 0 — Y ci-amy LM
™ — g - ?
d_) q TP -
5 0.2 B
04 - PH
i e Moist o
06 BXC o glu o Y85
o O. L ]
-0.8 4 S
] NS e HEX
B e T e T T Ll e S T - e S e ! SR
-1 09 08 07 06 -05 04 03 02 01 O 01 02 03 04 05 06

PC-1 (53%)

Figure 5-4. Bi-plot of PCA on levels of free aldehydes, cysteinylated aldehydes, and malt quality
parameters, determined in eight different types of industrial-scale pale lager malit.

Samples: LM-M - low grain modification batch M (variety Etincel); LM-N - low grain modification batch N (variety Etincel);
HM-O - high grain modification batch O (variety Etincel); HM-P - high grain modification batch P (variety Etincel); 95°C - malt
kilned-off at 95°C (variety Etincel); 85°C - malt kilned-off at 85°C (variety Etincel); S - malt with sulphuring (variety Passarel);
NS-malt without sulphuring (variety Passarel). Compounds quantified: 2MP = 2-methylpropanal, 2MB = 2-methylbutanal,
3MB = 3-methylbutanal, MET = methional, PHE = phenylacetaldehyde, FUR = furfural, HEX = hexanal, and T2N
trans-2-nonenal, 2MP-CYS = cysteinylated 2-methylpropanal, 2MB-CYS = cysteinylated 2-methylbutanal, 3MB-CYS
cysteinylated 3-methylbutanal, MET CYS = cysteinylated methional, PHE-CYS = cysteinylated phenylacetaldehyde, FUR-CYS
cysteinylated furfural (<LOD), and HEX-CYS = cysteinylated hexanal (cysteinylated trans 2-nonenal is not presented as the
reference compound was not available). Analytical parameters: Ext: extract, Col: colour, TP: total protein, TSP: total soluble
protein, KI: Kolbach Index, Vis: viscosity, Fri: friability, Hom: homogeneity, DP: diastatic power, FAN: free amino nitrogen, B-
glu: B-glucan, a-amy: a-amylase activity.
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5.4. Conclusions

This research study presents further evaluation of industrial-scale malting as a function
of a selection of malting variables, which, based on literature and own findings obtained
in this PhD, may play a pivotal role regarding levels of (cysteinylated) aldehydes and
related standard quality parameters in finished malt. In particular, grain modification,
kilning-off temperature, and sulphuring during drying of green malt were selected as malting
process variables.

In general, regarding formation of aldehydes, it is concluded from this work that grain
modification and kilning-off temperature are to be considered key parameters. Kilning-off
at a relatively high temperature (95°C) in pale malt production, clearly resulted in elevated
levels of free and cysteinylated aldehydes in finished malt, when compared to the standard
protocol of kilning-off at 85°C. Moreover, i