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Summary 

Quality loss – especially of desirable sensory qualities – during aging within shelf life 

is typical and well known for various beverages and foods. The sensory quality of beer 

– in particular pale lager beer – decreases constantly during aging and consequently 

consumer acceptance decreases. Aldehydes from Maillard reaction, Strecker 

degradation and lipid degradation influence the quality substantially due to their high 

aroma activity. The molecular mechanisms responsible for the observed increases in 

free aldehydes during aging are various but can be classified into de novo formation 

and release from bound states.  

To assess and predict the so-called flavor instability of beer, the brewing industry 

needs reliable sensory and analytical tools. Yet, the established methods – an endpoint 

estimation via thermal stress (forced aging) in combination with extraction of volatile 

compounds via steam distillation – show major drawbacks. Therefore, this thesis 

aimed to reveal these drawbacks, uncover the molecular differences and open new 

possibilities to improve the prediction of flavor instability.  

In part 1 of this thesis, the differences between natural and forced aging were 

uncovered. It was found, that the sensory profiles differ substantially between both 

methods. In addition, free aldehydes mostly showed a linear behavior in forced aged 

samples in contrast to natural aged samples indicating a diverging formation. Part 2 of 

this study revealed deficiencies during the extraction of volatiles during the sample 

preparation for analytical measurements. Especially steam distillation was found to be 

detrimental due to the high temperature intake resulting in considerable changes 

during sample workup. Fundamental differences in the profile of aging indicators 

(qualitative and quantitative) was observed in comparison to other, more gentle 

extraction techniques. 

To uncover the underlying mechanisms explaining the observed differences, a 

comprehensive literature review was performed as a third part of this thesis. It 

highlighted the potential impact of bound state aldehydes in the context of beer flavor 

instability. Their chemistry – presence, structures and stabilities – in the beer matrix 

remain an intensely discussed topic in literature. These compounds provide a great 

potential as indicators for the prediction of flavor instability. Thus, possible strategies 

for their determination were gathered.  
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The indirect measurement of bound state aldehydes after chemical release was 

performed in the last parts of this thesis. In part 4, it was discovered that during wort 

boiling, an amino group-related pool of bound state aldehydes is built up. Furthermore, 

the previously discussed substance group of cysteinylated aldehydes was found to be 

inconsequential for flavor instability. In part 5, it was revealed that the equilibrium of 

free and bound state aldehydes is shifted to the free form during aging. Therefore, the 

assessment of bound state aldehydes proved promising for the prediction of flavor 

instability – especially in the early and medium stage of aging. The advantages lie in 

the ease of implementation (in combination with HS-SPME) as well as speed of 

analysis and results. The findings of this work provide the brewing industry with 

important mechanistic insights into beer aging as well as strong analytical tools for the 

early-stage assessment of flavor instability of lager beer. 
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Zusammenfassung  

Qualitätsverluste während der Alterung innerhalb des Mindesthaltbarkeitsdatums sind 

typisch für verschiedene Getränke und Lebensmittel. Besonders die sensorische 

Qualität von Hellen Vollbieren nimmt während der Alterung kontinuierlich ab, wodurch 

die Verbraucherakzeptanz abnimmt. Vor allem die Zunahme an Aldehyden aus der 

Maillard-Reaktion, dem Strecker-Abbau and der Lipidoxidation beeinflusst die Qualität 

aufgrund ihrer hohen Aromaaktivität. Die molekularen Mechanismen, die diese 

Aldehydzunahme verursachen, können in die de novo-Bildung und die Freisetzung 

aus gebundenen Vorstufen unterteilt werden.  

Um die sogenannte Aromainstabilität von Bier beurteilen und vorhersagen zu können, 

benötigt die Brau- und Getränkeindustrie verlässliche sensorische und analytische 

Methoden. Bislang beruhen die etablierten Methoden auf einer reinen 

Endpunktabschätzung, welcher thermisch in der sogenannten forcierten Alterung 

hervorgerufen wird. Die Beurteilung dieses Punktes erfolgt meist durch die Extraktion 

von flüchtigen Stoffen durch Wasserdampfdestillation. Beide Methoden weisen 

deutliche Nachteile auf. Deswegen war das Ziel dieser Arbeit diese Nachteile die 

zugrundeliegenden molekularen Unterschiede aufzuzeigen und neue Möglichkeiten 

zur Vorhersage der Alterungsinstabilität zu eröffnen.  

Im ersten Teil dieser Arbeit wurden die Unterschiede zwischen natürlicher und 

forcierter Alterung dargestellt. Es wurde gezeigt, dass sich die jeweiligen sensorischen 

Profile grundsätzlich zwischen den beiden Alterungsarten unterscheiden. Zusätzlich 

wurde festgestellt, dass freie Aldehyde meist linear während der forcierten Alterung 

ansteigen, sich jedoch nichtlinear in der natürlichen Alterung verhalten, was auf 

unterschiedliche Alterungsmechanismen hindeutet. Im zweiten Teil dieser Arbeit 

wurden die Nachteile der Extraktion von flüchtigen Stoffen mittels 

Wasserdampfdestillation. Die erhöhte Temperatur während der Aufarbeitung führte zu 

deutlichen Unterschieden im Profil an Alterungsindikatoren (qualitativ und quantitativ) 

im Vergleich zu nicht-invasiven Aufarbeitungs- und Analysemethoden.  

Um die zugrundeliegenden Mechanismen aufzudecken, wurde im dritten Teil dieser 

Arbeit eine umfassende Literaturrecherche durchgeführt. Diese zeigte vor allem den 

potentiellen Einfluss von gebundenen Aldehyden auf die Aromainstabilität und deren 

Möglichkeit zum Einsatz als Alterungsindikatoren auf. Die Chemie – Vorkommen, 
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Struktur und Stabilität – dieser Stoffe in der Biermatrix wird in der Literatur diskutiert. 

Deshalb wurden Strategien zur analytischen Bestimmung gebundener Aldehyde 

erstellt.  

Die Anwendung der indirekten Bestimmung gebundener Aldehyde nach chemischer 

Freisetzung wurde zuletzt untersucht. Im vierten Teil wurde der Aufbau eines 

Aminogruppen-abhängigen Pools an gebundenen Aldehyden entdeckt. Zudem wurde 

gezeigt, dass die zuvor diskutierten cysteinylierten Aldehyde als irrelevant für die 

Bieralterung zu erachten sind. Im letzten Teil dieser Arbeit wurde gezeigt, dass sich 

das Gleichgewicht zwischen freien und gebundenen Aldehyden im Laufe der Alterung 

verschiebt. Aus diesem Grund stellte sich die Bestimmung von gebundenen 

Aldehyden als vielversprechend zur Vorhersage der Aromainstabilität besonders 

während der frühen bis mittleren Phase heraus. Die Vorteile liegen in der einfachen 

Implementierung mit bestehenden Methoden (HS-SPME), sowie in der 

Analysengeschwindigkeit. Die Erkenntnisse dieser Arbeit eröffnen der Brau- und 

Getränkeindustrie wichtige mechanistische Einblicke in die Bieralterung und stellen 

robuste analytische Methoden zur frühzeitigen Bestimmung der Aromainstabilität von 

Hellen Vollbieren zur Verfügung.  
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1 Introduction 

Flavor instability of beer has been a focus of brewers and brewing chemists, who strive 

for the highest consistency and stability, for decades. In times of growing consumer 

awareness, increasing competition between breweries and advancing globalization, 

very high demands in regard to beer quality are made [1]. Especially pale lager beers 

– the most consumed beer style around the world – are prone to quality losses during 

aging within the shelf life due to their flavor profile and matrix [2–4].  

The responsible chemical mechanisms for beer aging are inevitable and inherited in 

the brewing process and additionally, the phenomenon is not fully understood nor can 

be controlled entirely. Still, ways of describing and predicting flavor instability during 

beer aging exist [5–8]. These usually include the assessment of volatile aldehydes – 

the most established group of aging indicators due to their increase during aging and 

their high aroma impact – in combination with forced aging. The latter aims to 

accelerate aging solely due to increased temperature for a specified time [2, 6, 9–11]. 

Up to now, aldehydes are only used as aging indicators in their aroma active free form. 

Yet, they can also be present in a bound state from which they are hypothesized to be 

released. It is assumed that these compounds have a substantial impact on flavor 

instability [12].  

This thesis aims to demonstrate drawbacks of established ways of assessing and 

predicting flavor instability such as forced aging and further to reveal the impact of 

bound state aldehydes on beer aging. In the regard, the thesis focusses on adducts of 

aldehydes and amino groups (imines and cysteinylated aldehydes) and their variation 

in various malting and brewing trials. Ultimately, bound state aldehydes are discussed 

as potential indicators of flavor instability already in fresh pale lager beer. 

Therefore, the following lines describe the global transport of beer, the aroma of pale 

lager beer including the responsible compounds and the sensory as well as analytical 

changes during aging. Thereafter, the different mechanisms of beer aging and the 

importance of methods to assess the compounds involved are discussed. Finally, the 

underlying hypotheses of this thesis as well as the outline are presented. 
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1.1. Flow of beer around the globe  

Exportation and importation of beer, especially pale lager beer, has been increasing 

continuously over the last years. The five leading countries in exportation of beer are 

Mexico (export value: $ 4.7 B), Netherlands ($ 2.1 B), Belgium ($ 2.0 B), Germany 

($ 1.3 B) and USA ($ 0.6 B). The top 5 importing countries are USA ($ 6.0 B), France 

($ 1.2 B), UK ($ 0.7 B), Italy ($ 0.5 B), and Netherlands ($ 0.5 B). The total volume of 

exportation around the globe in 2020 was $ 14.37 B. Thereby, the highest flow happens 

from Mexico to USA with a total volume of $ 4.25 B [13]. 

While some of these distances can be covered by trucks, overseas shipping takes 

place via cargo with increased shipping times, as well as physical and thermal stress. 

For example, a shipment from Germany to Taiwan takes more than 40 days by cargo. 

Temperature logging revealed that the shipped products can be exposed to 

temperatures above 40 °C [14]. This is detrimental for beer quality, especially the 

sensory aspects, as it will be discussed in the following chapters.   

A consumer study focusing on the relationship between preference, drinkability and 

age of beers revealed that fresh lager beer shows the highest acceptance [15]. 

Therefore, aging of lager beer is considered as one of the key problems, brewers are 

facing today in a globalized world [1, 16]. 

1.2. Beer volatilome – Aroma of fresh lager beer  

The chemistry of beer is highly sophisticated resulting in complex aroma profiles. 

Through a multi-stage process from the raw materials water, barley, hops and yeast, 

a product arises with an immense set of volatiles from different chemical families. 

Recently, 329 volatiles from different chemical families (acids, alcohols, esters, 

monoterpenic compounds, norisoprenoids, sesquiterpenic compounds, sulfur 

compounds, and volatile phenols) were analyzed by multidimensional gas 

chromatography, from which 96 were reported for the first time in lager beer [17]. In 

fact, the total volatilome of lager beers is even richer, since the authors did not report 

any aldehydes or ketones. Other authors reported that the total metabolome of beer – 

analysed in a set of 120 diverse beer samples assessed by non-targeted profiling – 

consists in average of 2800 compounds [18].  

The aroma active compounds range in concentrations from ng/L to g/L and have 

different origins, odor thresholds, and aroma impressions. In 2014, a meta-analysis 
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revealed that only 17–20 key aroma compounds create the aroma perception of fresh 

bottom-fermented beers [19]. These include several esters, higher alcohols, sulfides, 

short-chain fatty acids, representing aromas such as banana, gummy bears, roses, 

citrus, caramel, cooked corn, and cheese [20, 21].  

The aroma situation in beer is further influenced by interactions of volatiles with the 

beer matrix (matrix effects) and among other volatiles (interactive effects). 

Carbohydrates are known to push aroma compounds into the headspace of a sample 

(salting out effect), while proteins promote the retention in the liquid phase. Of course, 

this behavior is greatly dependent on the chemical structures of the volatiles [22].  

Interactive effects of aroma compounds – either in the headspace or directly at the 

human olfactory epithelium – can also enhance or the decrease the resulting aroma 

impression. On the one hand, thresholds of mixtures can be (substantially) lower than 

of the individual compounds (additive and synergistic effects). An example is the 

mixture of (E)-2-nonenal (T2N) and (E,E)-2,4-decadienal that shows a threshold of only 

24 % when present in the same matrix. On the other hand, thresholds can also 

increase in mixtures (masking effect). In this regard, isoamyl acetate is able to mask 

2-methylbutanal (2MB) but not phenyl acetaldehyde (PA) in beer [23].  

Due to this aroma situation, pale lager beers are especially vulnerable during aging. 

Their matrix rather tends to release volatiles instead of retaining them. At the same 

time, the aroma profile is made up from low concentrations of volatiles compared to 

other beer styles [4].  

1.3. Sensory and analytical changes during aging 

The sensory profile of beer, especially pale lager beer, is constantly changing within 

its regular shelf life. This dynamic phenomenon is inherent to beer and is thus regarded 

as “flavor instability”. Therefore, it should be used instead of “flavor stability” [24].  

The changes during beer aging affect all the sensory properties of beer – aroma, taste, 

bitterness, and mouthfeel – and have been described in literature [25, 26]. Frequently 

mentioned descriptors for aging impressions are fruity-sweetish, ribes, cardboard, 

berry-like and bready in the earlier stages of aging of up to 6 months. The descriptors 

caramel, honey and sherry occur in the later stages (more than 6 months) [4, 25, 27]. 

During beer aging, quantitative changes in aroma compounds are observed. On the 

one hand, desirable compounds such as 2-methylbutyl isobutyrate, a primary ester of 
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hops can decrease dramatically and with them their potential masking capacity [28]. 

On the other hand, undesirable compounds can increase and result in an aged aroma. 

Among other substance classes, aldehydes represent the most potent odor-active 

compounds that increase during aging.  

Previously, volatile aging indicators have been classified into different groups 

according to their main influences during aging. Those compounds were selected due 

to their increases in various aging setups, not due to their impact on the aroma. The 

amounts of the respective compounds are summed up to indices on exposure to 

oxygen, temperature and (general) aging [11]. Most of the mentioned compounds are 

aldehydes. Table 1 gives an overview on these established indicators and their 

classification according to Lustig [11].  

Table 1: Oxygen, heat and aging indicators as proposed by Lustig [11]; X indicates the 

affiliation to the resp. group of indicators  

Compound Oxygen indicator Heat indicator Aging indicator 

2-methylbutanal X   

3-methylbutanal X  X 

Benzaldehyde X  X 

Phenylacetaldehyde X  X 

Furfural  X X 

γ-nonalactone  X X 

5-methyl furfural   X 

Succinic acid diethyl ester   X 

Phenylacetic acid ethyl 
ester 

  X 

2-acetyl furan   X 

2-propionyl furan   X 

 

The aldehydes that are discussed in this thesis can reach concentrations above or 

close to their respective odor thresholds. Especially, 2-methylpropanal (2MP), 3-

methylbutanal (3MB), methional (METH) and T2N are known to exhibit high odor 

activity values (OAV). Only furfural (FUR) and benzaldehyde (BENZ) are usually 

present in lower concentrations as a recent overview reported [29]. Nevertheless, 

these compounds are known to be important aging indicators.  
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1.4. Mechanisms of aldehyde formation during beer aging 

In general, in foods and beverages, aldehydes can arise from a variety of oxidative and 

non-oxidative reactions. The most important reactions comprise degradations of 

carbohydrates, amino compounds, and lipids. Principally, these reactions are possible 

throughout the process – from raw materials to final product – but are of course favored 

in different stages. The individual reaction parameters are discussed in the resp. 

chapters.  

Furthermore, these compounds are not only formed newly (de novo) in the reactions 

that are described below but they can also interact covalently with other compounds in 

the malt, mash, wort and beer matrix. Since these reactions are reversible and greatly 

dependent on the matrix, a labile equilibrium (bound state aldehydes) is formed [12]. 

In the following chapter, mechanisms of the formation of free and bound aldehydes will 

be discussed in detail. These comprise direct oxidation, Maillard reaction, Strecker 

degradation and the release of bound state aldehydes. Table 2 gives an overview of 

the relevant aldehydes.   
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Table 2: Most relevant aldehydes in beer aging, their origin, structure, aroma impressions, thresholds in beer according to Saison et al. [23], and 

concentrations ranges according to Dennenlöhr et al. [29] 

Aging-relevant 

aldehyde 

Origin Structure Aroma 

impression 

Threshold 

[µg/L][23] 

Concentration 

ranges 

[µg/L][29] 

Furfural  Maillard reaction 

 

Caramel, 

bready 

15157 29.5–356.9 

2-methylpropanal Strecker degradation 

 

Grainy, fruity 86 8.84–95.2 

2-methybutanal  Strecker degradation 

 

Almond, apple 45 1.68–26.2 

3-methylbutanal Strecker degradation 

 

Malty, 

chocolate 

56 3.91–63.7 

Methional  Strecker degradation  Cooked 

potatoes 

4.2 1.02–39.0 

Phenyl acetaldehyde Strecker degradation 

 

Floral, roses 105 6.91–95.9 

Benzaldehyde Strecker degradation + 

oxidation 
 

Almond, 

cherry stone 

515 <0.5–2.78 

Hexanal Lipid degradation  Winey 88 0.38–1.86 

(E)-2-nonenal Lipid degradation  Cardboard 0.03 0.07–0.34 
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1.4.1. Direct oxidation – the formation of ROS 

Oxygen has been considered as the most important factor in beer aging for a long time. 

Brewers strive to achieve less than 0.1 mg/L total oxygen in bottled beer. Yet, in this 

way of packaging, ingress of oxygen is possible via the crown corks [30]. Certain 

antioxidants, the most abundant in beer being SO2, thiols, and products of Maillard 

reaction can counteract flavor instability through oxidation and thus delay sensory 

deterioration. Furthermore, isohumulones and phenolic substances show antioxidative 

properties [31]. 

Triplet oxygen (3O2), the ground state of oxygen in beer, is relatively inert. Yet, in 

activated forms it can impair the beer aroma through various oxidation reactions. 

Reactive oxygen species (ROS) such as the singlet oxygen (1O2), peroxide anion 

(HOO-), superoxide (O2
•-), hydroperoxyl radical (•OOH), hydroxyl radical (•OH), and 

hydroxyethyl radical (EtO•) are formed via catalysis of Fe2+ or Cu+ in the Fenton 

Reaction. The hydroxyethyl radical is regarded as the predominant radical since 

ethanol is the most abundant compound in beer [32].   

For direct radical oxidation, a variety of potential reaction partners is available in beer. 

Andersen et al. showed that the 88 % of hydroxyethyl radical in a commercial pilsner 

beer reacted with isohumulones, 9 % with thiols, 2 % with other compounds, and only 

1 % towards acetaldehyde and cause further oxidative damage. Oxidized 

isohumulones result in a changed bitterness, while oxidized thiols can undergo 

dimerization, irreversible thiol oxidation, or oxidize other beer components [33].   

The direct oxidation of amino acids to corresponding aldehydes in model systems and 

beers is described in the literature. In the same experiments it was observed that 

addition of Fe2+ did not elevate the aldehyde levels after aging. This suggests that 

minimal levels of Fe2+ are needed for the catalytic formation of ROS and the resulting 

Fe3+ is rapidly reduced again in a beer environment [34, 35]. Recently, it was 

demonstrated in wine that the oxidation of higher alcohols to their respective aldehydes 

had only very little influence on the level of corresponding aldehydes despite the 

drastically elevated O2 contents compared to beer. The authors found that the 

oxidation of amino acids is more relevant [36]. An indicator for the oxidation of (higher) 

alcohols could be the increase in acetaldehyde from the oxidation of ethanol. It is 

suggested that other alcohols would react to their corresponding aldehydes at similar 

extents.  
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Another relevant target for oxidation reactions are lipids and fatty acids, especially with 

unsaturated C-C binding systems. In the latter case, ROS will abstract an electron from 

e. g. linoleic acid. After addition of O2, either 13- or 9-hydroperoxy fatty acids result, 

giving rise to the aroma active compounds hexanal (HEX) and T2N, respectively [30]. 

While this might hold true in model systems, the situation in packaged beer might be 

different as Noël et al. reported [37, 38]. The authors spiked 18O2 into bottled beer and 

found it incorporated in compounds with antioxidative properties such as sulfites, 

polyphenols, and isohumulones but not in carbonyls. They concluded that oxidation of 

lipids (and possibly also other compounds) does not proceed in packaged beers.   

Furthermore, Amadori products (such as from phenylalanine and glucose) are known 

to yield Strecker aldehydes upon direct oxidation. This pathway was described to be 

catalyzed by transition metals. The key step involves the generation of an imine that is 

successively hydrolyzed [39]. 

1.4.2. Maillard reaction 

The Maillard reaction is a complex of different reactions and source of a variety of 

products. From the general educts, reducing sugars and amino groups (from amino 

acids, proteins and such), for example odor-active heterocyclic compounds such as 

FUR or 5-hydroxymethyl furfural (HMF) can arise. Recently, also the importance of 

oligosaccharides for the formation of products of Maillard reaction was highlighted [40]. 

These resulting compounds occur usually well below their odor thresholds but are 

known to be ideal indicators for thermal intake during the brewing process and also 

aging [30]. Furthermore, as its other name – “non-enzymatic browning” reaction – 

suggests, it is responsible for increases in color intensity by melanoidin formation 

during aging [41]. The reaction is typically favored in pH ranges of 4–7 and 

temperatures above 50 °C [12]. 

In the early stage of Maillard reaction, a nucleophile amino group attacks the carbonyl 

group of an open-chain reducing sugar resulting in an imine (Schiff base). This imine 

can isomerize to an Amadori rearrangement product, such as fructosyllysine, favored 

by higher pH values [42]. Yet, the low pH values in beer (4.2–4.5) lead to the formation 

of 3-desoxyglucoson (3-DG), making it the most abundant α-dicarbonyl in beer [12].  

3-DG has a central role in beer aging due to the fact that it is only partly stable in beer. 

It can participate in a variety of reactions such as isomerization to 
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3-desoxygalactosone (3-DGal), formation of HMF, formation of melanoidins, Strecker 

Degradation, and formation of glyoxal, methylglyoxal and advanced glycation end 

products [43]. Thus, it is discussed as an indicator of natural beer aging [43]. Through 

subsequent losses of water, the afore-mentioned heterocyclic compounds, FUR or 

HMF, can arise. The reaction is favored by higher temperatures, low water activity, and 

long storage times [44]. Yet, it was found that the concentrations of furfural were not 

influenced by beer color [41].  

In the later-stage of Maillard reaction, so called advanced glycation end products 

occur. One of the most important representatives is pyrraline, a product of 3-DG  and 

lysine, which can occur in a free and in a protein-bound state. In different beer styles, 

0.16–1.6 mg/L free pyrraline and 55–400 mg/kg protein in a bound state were detected, 

highlighting the reactiveness of carbonyl compounds in the malt, wort and beer matrix. 

Furthermore, a correlation between free pyrraline and the color intensity was observed 

[42].  

1.4.3. Strecker degradation 

In this late-stage of the Maillard reaction, the amino group of an amino acid can attack 

a dicarbonyl. In beer, the predominant α-dicarbonyl is 3-DG but diacetyl [36] and 

polyphenol-derived o-quinone structures are also potential reaction partners [36, 45]. 

After a transamination and a subsequent decarboxylation, which takes place 

regardless of the high CO2 levels in beer, an aldehyde results. The aroma active so-

called Strecker aldehydes in beer are 2MP from valine, 2MB from isoleucine, 3MB from 

leucine, METH from methionine, PA from phenylalanine [30]. Strecker aldehydes have 

the highest impact on the formation of aging flavors [46].  

The rate-limiting step of this reaction is the addition of the amino group to the carbonyl 

group. It is favored by higher pH values and temperatures [47, 48]. Lermusieau et al. 

[49] found that an imine formation between lysine and T2N did not occur at 

temperatures below 40 °C. Other authors reported that the optimal pH value for the 

formation phenylacetaldehyde in model systems 100 °C of phenylalanine and different 

carbohydrates resp. dicarbonyls is 5 [50]. Furthermore, oxygen-dependency is also 

widely accepted since studies with increased oxygen levels lead to higher amounts of 

Strecker aldehydes [27]. Therefore, the Strecker degradation is strongly temperature, 

oxygen and pH dependent.  
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It is also known from brewing trials that higher concentrations of Strecker aldehydes 

are found in dark beers. Likely, this is due to the fact that higher concentrations of 

dicarbonyls are found in those malts and beers, since other precursors such as amino 

acids and higher alcohols did not differ [41]. Thus, from the sole point of instability, 

Maillard Reaction should be avoided entirely in brewing. Yet, these findings disregard 

the different aroma situations and the resulting masking effects in darker beers.  

1.4.4. Bound state aldehydes 

Aldehydes are a quite reactive substance class. In literature, it is assumed that most 

aging-relevant aldehydes could be produced up-stream and are already present in the 

fresh beer [51].Yet, they are not present in a free- but in a bound state. These 

compounds are hypothesized to release aldehydes during the course of aging and thus 

cause an aged aroma [12]. In this thesis, the term “release of bound state aldehydes” 

comprises all reactions in which bound state precursors react to free aldehydes. 

Drivers of this release are not unraveled yet but oxygen, temperature, and pH value 

are the most plausible parameters [49]. In addition, the status of the equilibrium and 

potential competitive reactions can set free aldehydes [52].  

Bound state aldehydes are masked from human perception, most analytical 

techniques, and technological processes such as evaporation during wort boiling or 

reduction by yeast during fermentation [12]. This binding can be either reversible or 

irreversible and depends on aldehyde and the resp. nucleophile. While bound state 

aldehydes bound at the carbonyl group can be set free relatively easy by hydration, 

the same was not observed when being bound on the double bond of an unsaturated 

aldehyde [53]. The sum of reversibly bound-aldehydes in fresh beer is defined as the 

bound potential of aging of beer. 

Lermusieau et al. studied the interaction of albumin and T2N. They found that albumin 

retained 60 % of the initial aldehyde concentration and released only 50 % of the 

retained amount upon heating [49]. In experiments with 13C-labelled amino acids it was 

shown that 85 % of Strecker aldehydes in the final aged beer are produced up-stream 

(mainly in wort boiling) and then bound. In that study, only 15 % were formed de novo 

[54].  

In literature, there are a number of described possible bound state aldehydes, such as 

bisulfite adducts, imines, cysteinylated aldehydes, acetals, and glycosides [47, 55–59]. 

From these, especially bisulfites and amino group-related adducts appear to be the 
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ones with the highest impact on flavor instability. They will be introduced in the 

following lines. Additionally, figure 1 gives an overview of chosen representatives of 

bound state aldehydes. 

 

Figure 1: Occurrence of aldehydes in beer; free (aroma active) and bound state (non-aroma 

active)  

Sulfite adducts 

Bottom-fermenting yeasts produce sulfur dioxide (SO2) in the early stage of 

fermentation (growth phase) as an intermediate of its sulfate metabolism [60]. SO2 in 

beer is known to be able to delay oxygen-mediated aging reactions by acting as an 

antioxidant. Furthermore, it can also reversibly attack aldehydes and ketones in the 

form of bisulfite (HSO3
-), the form in which SO2 is mostly present in beer in a pH range 

from 3–6 [55].  

The resulting α-hydroxysulfonate of acetaldehyde has been described in beer in 

literature reaching concentration of up to 54 µM [61]. In another study, the bisulfite 

adduct of glyceraldehyde, representing an intermediate of Maillard reaction, was found 

in wine. In this way, reactive potential can occur in the final beverage matrix [62]. 

Interestingly, these adducts show the same antioxidative properties as bisulfite itself 

[63]. 

Levels of SO2 typically decrease during aging which would in turn release aldehydes 

from the corresponding bisulfites due to a shift in the chemical equilibrium [64]. 

Reasons for the decrease of SO2 are direct oxidation to sulfate [65], but also the 

formation of irreversible adducts such as diadducts (on double-bounds) [53] or 
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sulfonated polyphenols like epicatechin [66]. In wine, the latter pathway explains about 

10 % of the loss of SO2 during aging [67]. 

Amino group-related adducts 

The main source of amino compounds in brewing is barley. Its raw proteins are broken 

down during germination in malting (proteolysis). Brewers can influence the degree of 

proteolysis –among other technological parameters during mashing – with the steeping 

degree during malt production; the higher it is, the more soluble nitrogen is in the malt 

[68]. Generally, low Kolbach indices, a calculated, practical measure for the degree of 

proteolysis, in the malt lead to lower flavor instability in the final beer [69].  

Amino groups are nucleophile and can attack aldehyde groups followed by an 

elimination of water. The resulting structures are called imines or Schiff bases [32]. 

The attack of the amino group – the rate-limiting step – is favored at higher pH values 

whereas lower pH values and ΔT can (partly) reverse the reaction [49]. According to 

other sources, the cleavage of imines is favored at pH values of 4 [70]. Thus, aldehydes 

would be gradually set free from their bound states via acidic hydrolysis. The 

occurrence of imines was described by several authors and the resulting imines of 

lysine appear to be the most studied compounds due its second amino group [32, 49, 

71]. Imine adducts are described for T2N, HMF, 2MP but not for FUR or PA [32, 49]. 

Yet other authors did not report on the occurrence of imines for different amino acids 

with certain aldehydes [58]. The same authors rather suggested that cysteinylated 

aldehydes (2-substituted 1,3-thiazolidine-4-carboxylic acids) play are more important 

role due to the high nucleophilicity of cysteine. Their findings were based on model 

systems and HPLC-UV measurements for the matrix beer [58]. The behavior of these 

compounds such as their higher pH-stability in wort in comparison to beer was 

hypothesized to make these compounds to plausible precursors [72, 73]. Yet, recently 

it was demonstrated that after fermentation these compounds do not occur in relevant 

concentrations except for methional [74]. Cysteinylated aldehydes only occur in 

relevant concentrations for METH but the concentrations of the adduct increase during 

aging [74]. This suggests that METH arises from other pathways and was partly bound 

due to the chemical equilibrium, thus being rather the dead end than its source in the 

sense of a bound pool that is depleted over time. 
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1.5. Assessment of flavor instability 

Next to understanding flavor instability holistically, it is arguably even more important 

for brewers to have tools for the assessment of flavor instability. They provide the basis 

for critical decision making, and driver for raw material-based and technological 

innovation. The status of beer aging, as it would occur during natural aging at 20 °C 

can be predicted by different approaches, each having their benefits and drawbacks. 

The most common ways are described in this chapter.  

1.5.1. Singular approaches 

During malt and beer production, and aging, there are varieties of singular parameters 

brewers can use for an estimation of the flavor instability of a finished beer.  

The most common parameter to judge the thermal intake is the thiobarbituric acid index 

(TBI). It is a sum-parameter, primarily influenced by the amount of HMF and can be 

assessed already in malt, over the process and in the final beer [75]. The course of pH 

value over the process also allows for an estimation of critical steps during production. 

Thus, enzymatic processes during mashing and fermentation can be judged [75]. 

Furthermore, the amount of O2 and SO2 after filling can give insights into flavor 

instability [75].  

Additionally, the “nonenal potential” is a possibility to assess the capacity of wort to 

produce T2N in acidic conditions. This provides an assumption how much of this aging 

indicator could be formed in extreme conditions [76]. Recently, the method was 

extended with the assessment of hexanal [77]. 

1.5.2. Antioxidative capacity 

The antioxidative capacity of beer can be assessed by electron spin resonance 

spectroscopy (ESR). This method tracks the formation of unpaired electrons of primary 

intermediates of oxidation at 50 °C under atmospheric conditions by capturing them 

with a so-called spin trap reagent. The resulting stabilized spin adducts are formed 

after a lag-phase during which prooxidative and antioxidative processes compete [63]. 

ESR is widely used and regarded as the state-of-the-art method to investigate the 

oxidative instability [78]. 

There are also high-throughput approaches available. The ferric reducing antioxidant 

power test (FRAP) determines the prooxidant activity. This is achieved by reduction of 
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Fe3+ to Fe2+. In the oxygen radical absorbance capacity test (ORAC), peroxy radicals 

are scavenged by the transfer of hydrogen atoms [31]. 

1.5.3. Prediction by forced aging 

Processes that occur during aging at ambient temperatures are usually referred to as 

natural aging. In order to get insights into the flavor instability of a finished beer faster, 

elevated temperatures are applied to speed up aging processes and thermally stress 

the product. These approaches are defined as forced aging. Regimens  can range from 

28–60 °C for 3 days to several weeks with or without shaking. The most popular 

regimen appears to be 1 day of shaking at 100 rpm followed by 4 days at 40 °C, which 

should predict the changes during 3–6 months of natural aging [79]. Afterwards, the 

forced aged beer is tasted and volatile aging indicators according to Lustig (Table 1) 

are analyzed. 

Obviously, due to the described mechanisms, forced aging does not just speed up the 

aging processes but further alters them in a significant way. By the law of Arrhenius, 

an increase in temperature of 10 K results in a 2–3-fold change of reaction rate [30] 

but due to different activation energies, reactions rates would increase at different 

rates. This was observed for the formation of Meth and PA whose reaction rates 

increased with temperature [80]. 

In fact, reactions might also appear that would not occur normally. One example might 

be the fact, that heat induces the back reaction from an imine to the initial aldehyde 

[32]. Other authors also stated that caution should be exercised when using forced 

aging due to a changed sensory and analytical pattern [81]. Eger et al. concluded that 

an increase in the applied temperature also increased the sensory differences between 

natural and forced aging [82]. Consequently, in forced aging, there is a dilemma 

between the speed of the prediction and the agreement with reality during natural 

aging.  

1.6. Determination of aroma active volatiles 

The assessment of volatile aging compounds is mostly performed with gas 

chromatographic (GC) methods. They are the most established aging indicators since 

their concentrations in malt, wort (boiled and unboiled) and fresh beer correlate well 

with tasting results of aged beers [46].  
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The numerous extraction techniques available for GC can be grouped into solvent 

extraction, destillative, headspace and sorptive approaches [83]. Due to the high 

complexity of the sample and the low concentrations of aging compounds, non-

invasive and selective techniques are most desirable. The most commonly used 

extraction techniques are steam distillation (SD), solvent-assisted flavor evaporation 

(SAFE) and headspace solid-phase microextraction (HS-SPME). Each of these have 

their specific advantages and disadvantages as described in the discussion section. 

There are multiple comparisons between those methods in literature and the results 

usually depend on the sample and the chromatographic problem [84–87]. 

1.7. Motivation and thesis outline 

In the previous sections, the mechanisms of natural and forced beer aging and aroma 

active compounds involved have been described in detail. Based on this, the initial 

situation and motivation of this thesis can be summarized as follows: 

- In principal, the aging relevant aroma compounds and their formation including 

critical parameters are known. Yet, on one hand, a big part of this knowledge is 

based on model systems with reduced complexity in comparison to beer matrix. 

On the other hand, the most widely used method to predict flavor instability – 

forced aging – is mostly based on empirical data and provides unrealistic 

reaction conditions. Therefore, it resembles rather an estimation than a 

prediction.  

- Aroma profiles of natural and forced aging deviate from another, suggesting that 

the responsible aroma active compounds are formed to different extents. These 

differences in aroma profiles and compounds involved are unclear. 

Furthermore, aging compounds are thought to increase linearly during aging. 

Different stages of reactions as well as respective velocities are not taken into 

account.  

- The concept of bound state aldehydes – its formation and interdependency of 

competing reactions – and its impact on beer aging is not understood. It is 

unclear to which extents different aldehydes are present in which bound states 

as well as if and how they are released during aging. Bound state aldehydes 

are not used for the early-stage, targeted and multifaceted prediction of flavor 

instability.  
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- The parameters affecting the depletion of a bound state pool of aldehydes – 

especially the impact of thermal intake as well as O2 – are unclear. Therefore, 

the behavior of bound state aldehydes during treatment at higher temperature 

(during forced aging and steam distillation) is unclear. An involuntary release of 

the compounds is likely to happen, resulting in qualitative and quantitative 

differences of aldehydes. 
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Based on this initial situation, the main objective of this thesis is formulated as follows: 

Elucidation of the role of bound state aldehydes on beer flavor instability and 

exploration of their potential as alternative early-stage indicators  

In order to achieve this objective, the following steps were taken. 

1. Differences between natural and forced aging were elucidated with sensory 

(aroma quality and profile) and analytical methods (aging indicators by GC-MS) 

2. Extraction methods for the analysis of volatile aging compounds were compared 

qualitatively and quantitatively with a special focus on the heat-induced 

formation, release, and breakdown of aging compounds 

3. Possible bound state forms of aldehydes were critically reviewed and 

possibilities to analyze them in order to predict the flavor instability of beer were 

compiled and assessed in regard to their feasibility 

4. Systematic variations in precursor compounds were undertaken to elucidate the 

formation and degradation of free and bound state aldehydes over the course 

of the wort boiling process 

5. The fate of free and bound state aldehydes in beers with systematic variations 

in precursor compounds was studied over the course of natural and forced 

aging to investigate the impact amino group adducts on beer flavor instability 
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2 Methods 

The used commercial beers (I, III) and research beers that were produced in a 50 L 

scale (V) were subjected to natural aging (dark, 20 °C, duration as indicated) and 

forced aging (24 h of shaking at 100 rpm; 4 d at 40 °C) as indicated. Wort samples 

were frozen immediately and stored at -20 °C until analysis (IV). 

Sensory Analysis was performed in various publications (I, IV, V). In all cases, the 

beers were tasted according to the DLG 5-point scheme, the Eichhorn aging scheme, 

and a descriptive scheme. For publication I, a quantitative descriptive analysis (QDA) 

approach of chosen aging attributes was chosen, while for publications IV and V, a 

check-all-that-apply (CATA) approach was used.  

Gas chromatography-olfactometry (GC-O) coupled to a mass spectrometer (MS) was 

used for the semi-quantitative detection of aroma active compounds. In publication I, 

headspace solid-phase micro extraction (HS-SPME) was used for extraction. In 

publication III, HS-SPME as well as solvent-assisted flavor evaporation (SAFE) and 

steam distillation (SD) were applied.  Quantitation of aging compounds was achieved 

with an optimized HS-SPME-GC-MS method based on a method of Saison et al. [88] 

in the publications I, III, IV, V. Additionally, in publication III, an adjusted MEBAK 

method (MEBAK 2.23.4) was used for the quantitation of these compounds on the 

same instrument setup. For the release of bound state aldehydes, release agents (4VP 

resp. ACA) were added into the headspace vial, incubated as indicated and detected 

via HS-SPME-GC-MS (in publications IV, V). Unless otherwise stated, all analyses 

were performed in triplicates.  

Non-volatile precursors of free and bound state aldehydes were investigated in the 

publications (IV, V). Amino acids were analyzed by HPLC-MS/MS in multiple reaction 

monitoring mode as described in Nobis et al. [89]. 3-DG was determined by HPLC-UV 

as published in Nobis et al. [43]. 

Where stated, in publications I, III, IV, V the data was analyzed if it followed a normal 

distribution using the Shapiro-Wilk W test. For normally distributed data, one-way 

ANOVA were used to uncover statistical differences within a sample set. The post-hoc 

test, Tukey-Kramer HSD test was the used for pairwise comparisons. In the case of 

non-normally distributed data, the Kruskal-Wallis test in combination with the post-hoc 

Wilcoxon each pair method were applied. For all tests, an α-level of 0.05 was used.  
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Using the Ward method hierarchical clustering was performed in publication I. 

Normalized z-scores were used for cluster analyses, principal component analyses, 

and heat maps. All data analyses were performed in JMP Pro 13 resp. 14 (SAS 

Institute Inc., Cary, NC, USA). 
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3 Results  

3.1 Summary of main results 

Part 1: Prediction Power and Accuracy of Forced Ageing - Matching Sensory and 

Analytical Results for Lager Beer 

Pages 25–34  

The aim of this study was to evaluate the prediction power and accuracy of flavor 

instability of pale lager beers with forced aging and to elucidate possible discrepancies 

between natural and forced aging. This was based on the hypothesis that through 

different temperatures different aging mechanisms apply to different extents.  

Therefore, commercial beers were systematically aged and assessed with sensory 

(DLG, acceptancy, QDA) and analytical methods (HS-SPME-GC-MS-O, HS-SPME-

GC-MS after derivatisation with PFBHA).  

The paradigm is that forced aging simulates the natural aging at 20 °C of 3 – 5 months. 

In this study, it could be shown in sensory experiments that this only holds true for 

global approaches such as the DLG overall score or acceptancy according to Eichhorn. 

The former is a quality approach based on a relatively broadly interpreted scale, while 

the latter is hedonic. With QDA the aroma profiles of the different beers could be 

described. Principal component analysis and hierarchical clustering of the resulting 

data revealed 4 different groups. Group 1 was comprised of fresh until 3 month 

naturally aged beers, group 2 of forced aged samples (2–8 days), group 3 of medium 

naturally aged beers (5 to 9 months), and group 4 of heavily naturally aged beers (11–

17 months). Group 1 was associated with the absence of aging attributes and group 2 

with the attributes cardboard, dull, bready. Group 4 was rated with high intensities for 

the attributes sweetish, fruity, sherry, berry, honey while group 3 ranged between 

group 2 and 4.  

The quantification of aging compounds of the same samples showed that ethyl 

2-methylbutanoate, 3-methylbutanoate, β-damascenone, ethyl nicotinate, ethyl 

2-phenylacetate, furfuryl ethyl ether, 2MP, 2MB, PA, FUR, METH, and T2N increased 

linearly during forced aging. In contrast, during natural aging, only ethyl 

2-methylpropanoate, ethyl 2-methylbutanoate, ethyl 2-phenylacetate, furfuryl ethyl 
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ether and FUR increased linearly. No linear increase for aldehydes except for furfural 

was observed among these samples.  

These results show clearly that when observed in detail, forced ageing does not 

represent the changes during natural aging satisfactorily despite its widespread use. 

They also direct to the presence of different underlying mechanisms of aging, 

especially for the detected aldehydes.  

Authors´ contribution: 

Florian Lehnhardt designed the working hypothesis, research project and experimental 

approach after critical discussion with the co-authors. He developed the applied 

methodology and conducted the main experiments. Furthermore, he evaluated the 

resulting data. As the principal author of this publication, he wrote the manuscript and 

submitted it. All authors reviewed and approved the final manuscript.  

Part 2: Flavor stability assessment of lager beer: what we can learn by 

comparing established methods  

Pages 35–48 

The aim of this study was to compare the qualitative and quantitative differences in 

aroma active aging compounds amongst three established sample preparation 

methods on the same analytical instrument. Further, the elucidation of heat-promoted 

changes in the volatile profiles during the analysis, especially due to de novo formation 

and release of bound state aldehyde was a goal.  

The considered methods were headspace solid–phase microextraction (HS-SPME), 

solvent-assisted flavor evaporation (SAFE), and steam distillation (SD), each in 

combination with GC-MS-O.  

The qualitative comparison of these three methods was performed with GC-MS-O. In 

SD, the highest number of aroma active compounds and aroma intensities were 

observed, followed by HS-SPME and SAFE. Since that for SAFE, only 11 aging 

compounds were identified confidently and aroma intensities were low, it was excluded 

from further experiments.  

A quantitative comparison of SD and HS-SPME showed that both approaches could 

be validated satisfactorily based on relative standard deviations and recoveries for all 

compounds, and allow for a robust determination. Anyhow, significant differences in 
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concentrations were observed for certain aging compounds (for example 3MB, FUR, 

PA) presumably due to the heat intake during SD in comparison to HS-SPME.  

Thus, model systems were designed to elucidate the impact of isolated aging-relevant 

mechanism and precursors during distillation. It was demonstrated, that the applied 

elevated temperatures led to the de novo formation and also release of bound state 

aldehydes. Therefore, the matrices and precursors should be approached as 

cautiously as possible suggesting the least invasive method of analysis.  

Authors´ contribution: 

Florian Lehnhardt designed the working hypothesis, research project and experimental 

approach after critical discussion with the co-authors. He developed the applied 

methodology and conducted the main experiments. Furthermore, he evaluated the 

resulting data. As the principal author of this publication, he wrote the manuscript and 

submitted it. All authors reviewed and approved the final manuscript.   

Part 3: Forced into aging: Analytical prediction of the flavor-stability of lager 

beer. A review 

Pages 49–60 

In order to investigate the known aging mechanism and the available methods for 

describing them more closely, a literature review was conducted. The focus was set 

on aldehydes due to their high aroma activity.  

It was found that aldehydes can be formed de novo during the complete malting and 

brewing process in the respective known pathways, such as Maillard reaction, Strecker 

degradation, or lipid oxidation. Yet, as recent research indicates, aldehydes can be 

bound by nucleophiles and are hypothesized to be released during beer aging. Thus, 

an aged aroma should arise. 

A variety of possible bound state aldehydes could be identified from literature. Hereby, 

adducts with sulfur dioxide (bisulfites) and amino groups or especially cysteine (imines 

and thiazolidine acids, resp.) were judged to be the most relevant in beer.  

The concept of bound state aldehydes was until then not considered in the method of 

forced aging and it appears likely to be a cause of the mismatches between natural 

and forced aging. The heat-promoted release of bound state aldehydes due to different 

activation energies was discussed.  
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Also, it was described that the applied forced-aging regimes and methods for the 

analysis of volatile aging compounds vary drastically within the literature. Each protocol 

using different extraction parameters, especially variations in temperature led to a 

certain inconclusiveness in literature.  

Furthermore, the direct and indirect analysis of these bound state aldehydes was 

hypothesized to give a more realistic prediction of the flavor instability of pale lager 

beers. Therefore, literature was searched for different analytical methods for their 

determination. It was found that in theory LC-MS techniques allow for the direct and 

GC-MS techniques after cleavage of bound states for the indirect analysis were 

promising. Yet, there was a clear gap of knowledge in these areas despite the potential 

benefits in regard of non-invasiveness and meaningfulness of indicators. 

Authors´ contribution: 

Florian Lehnhardt conducted the literature research, designed the hypotheses and 

wrote and submitted the manuscript. All authors reviewed and approved the final 

manuscript.  

Part 4: The Influence of Proteolytic Malt Modification on the Aging Potential of 

Final Wort 

Pages 61–78 

Partly, the final aging potential of a beer is already set in the wort. A majority of the 

relevant compounds are formed during the wort production. Since, this process step 

offers the suitable reaction conditions for aldehyde formation (abundance of educts, 

high temperatures, favorable pH for imine formation), it was investigated in detail.  

The aim of the study was to investigate the influence of variations of aldehyde 

precursors (amino acids and α-dicarbonyls) on the aging potential of wort. This was 

achieved through varying the proteolytic malt modification levels. 

Therefore, 12 worts were produced from 6 different malts. These malts were produced 

from 2 different barley varieties with distinct genetically determined proteolytic 

modification levels at 3 steeping degrees each. Especially Strecker-relevant amino 

acids and 3DG increased with higher proteolytic malt modification levels.  

The concentrations of free and bound state aldehydes were highest at the on-set of 

boiling, decreased with boiling time and showed a slight increase towards the end of 
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boiling. Free and bound forms of 2MP, 2MB and 3MB showed a strong dependency 

towards the proteolytic modification level. Cysteinylated forms of few aldehydes such 

as 3MB and PA were detected during the course of wort boiling but were found at 

negligible amounts.  

In general, at the end of boiling the amount of free and bound aldehydes and therefore 

the aging potential increased with the proteolytic malt modification. Furthermore, it can 

be concluded that a major part of the total aging potential of beer is set during wort 

boiling. In conclusion, even though higher malt modifications within the ISO 65 °C 

specifications are regarded as beneficial for certain aspects of brewing, they also lead 

to an increased aging potential.   

Authors´ contribution: 

Florian Lehnhardt designed the working hypothesis, research project and experimental 

approach after critical discussion with the co-authors. He developed the applied 

methodology and conducted the main brewing trials and experiments. Furthermore, he 

evaluated the resulting data. As the shared principal author of this publication, he wrote 

the manuscript. All authors reviewed and approved the final manuscript.  

Part 5: A comprehensive evaluation of flavor instability of beer (part 1): Influence 

of release of bound state aldehydes 

Pages 79–94 

The aging potential of fresh beer comprises free aldehydes, their precursors and bound 

state aldehydes. Since a major part of the aging potential is related to amino 

compounds, their impact was investigated comprehensively by variations of reactants 

during malting. Amino compounds can influence the aging potential on the one hand 

due to increased de novo formation and on the other hand due to binding of aldehydes. 

In this publication, the focus was on the impact of bound state aldehydes and their 

potential release during aging.  

It was shown by sensory analysis that beers produced from malts with higher amounts 

of reactants (quantified as soluble N and amino acids) have an increased aging 

instability. This behavior could be correlated with the increase in aroma active free 

aldehydes, especially Strecker aldehydes such as 2MP, 3MB and PA.  
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To elucidate the origin of these free aldehydes, the release of bound state aldehydes 

was investigated with two different release agents. For both methods (4VP and ACA), 

it was discovered that the amount of free aldehydes increased upon addition of the 

agents. This release from bound state aldehydes was especially observed in fresh and 

less in aged samples, indicating that the equilibrium between free and bound state 

aldehydes was shifted towards the free form during aging. In this study especially 

Strecker aldehydes were present in a bound state.   

In conclusion, this study confirmed the existence of a bound state pool of aldehydes 

that is depleted during natural and partly during forced aging. This pool is amino group-

dependent. The released aldehydes are aroma active and thus cause an aged aroma. 

The release of the bound state aldehydes has a major impact on the early and medium 

stage of aging (up to 6 months), whereas afterwards de novo formation gains more 

importance. Therefore, the analysis of bound state aldehydes after release can be 

used as a tool to assess flavor instability in fresh conditions.  
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3.2 Thesis Publications 

3.2.1 Prediction Power and Accuracy of Forced Ageing - Matching 

Sensory and Analytical Results for Lager Beer  
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3.2.2 Flavor stability assessment of lager beer: what we can learn by 

comparing established methods  
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3.2.3 Forced into aging: Analytical prediction of the flavor-stability of 

lager beer. A review 
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3.2.4 The Influence of Proteolytic Malt Modification on the Aging 

Potential of Final Wort  
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3.2.5 A comprehensive evaluation of flavor instability of beer (part 1): 

Influence of release of bound state aldehydes 
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4 Discussion 

4.1 Deficiencies of established methods for the assessment of 

flavor instability 

As it was introduced above, the currently established methods for the assessment of 

flavor instability do not allow a precise prediction of flavor instability but rather an 

endpoint estimation. Furthermore, they do not take into account the concept of bound 

state aldehydes. Therefore, there is a need to revise the established methods. In the 

first and second part of this study, the drawbacks of forced aging and steam distillation 

are discussed. The third part provides a literature review on bound state aldehydes 

and gives a holistic view on flavor instability. In the fourth and fifth part of this study, 

the behavior of free and bound state aldehydes is monitored during the wort boiling 

processes and beer aging and the potential of bound state aldehydes for the prediction 

of flavor instability is discussed.  

Forced aging is an established method to accelerate aging processes and is said to 

resemble natural aging of 3–6 months [79]. The results of natural and forced aging 

showed a high similarity when assessed with more global or general approaches. The 

DLG scores for smell, taste, and bitterness after the applied forcing regimen were 

found between 3 and 5 months of natural aging. The same was observed for a hedonic 

acceptancy test.  

When the sum of aging indicators analyzed by GC-MS was considered, again a high 

similarity of these samples was observed. This makes forced aging, a valid but very 

limited prediction method due to the fact that a large part of the sum of aging indicators 

is made up from the single compound FUR which is a well-known heat indicator [11].  

Yet, more specific approaches resulted in a lesser consensus. The aroma profiles of 

the individual samples deviated in the studied aging descriptors. Figure 2 shows a 

principal component analysis (biplot) of 8 aging-relevant sensory attributes and 13 

differently aged samples. It was found that forced aged samples were best described 

with descriptors such as cardboard and dull, while natural aged samples scored higher 

in fruity-sweetish descriptors.  
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Figure 2: Principal component analysis (biplot) of 8 chosen sensory attributes and 13 different 

naturally and forced aged samples 

Consequently, individual aroma active aging compounds showed high deviations in 

the different aging methods. T2N increased strongly in forced aging and after 2 days 

reached odor activity values (OAV) above 1, meaning that it is present above its odor 

threshold. During natural aging, this compound remained at stable low levels. In this 

specific sample, methional reached OAVs above 1 after 7 months.  

Interesting behavior was observed for the linearity of the increase in individual aging 

compounds. From the sole view point of de novo formation of aging compounds, a 

linear behavior is expected. Due to the fact, that precursors are present in excess and 

ambient temperatures are constant, those reactions follow a zero-order reaction. This 

implies that the reaction speed is independent from the concentration of the precursors 

and thus, their degradation is constant. For natural aging, only 3 esters, 1 ether, and 1 

aldehyde (FUR) increased linearly. For forced aging, 4 esters, 1 ether, 1 ketone, and 

6 aldehydes did so. The aldehydes were comprised of 2MP, 2MB, PA, FUR, METH, 

and T2N. It seems that especially aldehydes from Strecker degradation and lipid 

degradation are affected and it points to a more complex formation behavior of these 

compounds during natural aging in comparison to other compounds such as afore-

mentioned esters or FUR. The increase of these compounds appears to be influenced 

by a variety of parameters, whose impact is suppressed by the thermal intake of heat 
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during forced aging. While forced aging is a predominantly temperature-driven way, 

natural aging is more complex and possibly runs at several distinct stages. 

Recently, the differences between natural and forced aging were highlighted in 

literature for the behavior of 3-DG. A different partition of possible degradation 

mechanisms of 3-DG in natural (12 months, 20 °C) and forced aging of lager beers 

that were spiked with 3-DG was reported. In natural aging, 3-DG predominantly 

interconverted to 3DGal (50 %), whereas other reactions only occurred to minor 

degrees (Maillard reaction (2 %), HMF formation (16 %), Strecker degradation (14 %) 

and others (17 %)). In forced aging, 3-DG mainly reacted to HMF (34 %), followed by 

interconversion to 3-DGal (17 %), Maillard reaction (8 %), and Strecker degradation (3 

%). The residual 39 % took part in other reactions such as melanoidin formation and 

modification of proteins. This shows that forced aging results in an increase of 

thermally catalyzed reactions [43]. Especially the differences in participation in the 

Strecker degradation were confirmed in the results of this part of the thesis.  

Furthermore, the currently applied extraction techniques of volatile aging compounds 

show substantial differences. Therefore, in order to identify the most suitable extraction 

for free aldehydes resp. the indirect determination of bound state aldehydes, a variety 

of established extraction methods in combination with GC-MS have been compared 

as a second part of this study. The following methods were used: 

- Headspace solid-phase microextraction (HS-SPME): non-invasive 

technique; volatiles are extracted from the headspace above a sample by a 

sorptive fiber 

- Solvent-assisted flavor evaporation (SAFE): invasive technique; sample is 

extracted with organic solvent (diethyl ether), distilled relatively gentle under 

vacuum at 40 °C, organic acids can be removed, the distillate can be further 

concentrated by distillation 

- Steam distillation (SD): invasive technique; sample is distilled at 100 °C, 

organic acids are removed, ethanolic distillate is extracted with other organic 

solvents (dichloromethane) 

At first, these methods were compared qualitatively by GC-O. A detection in this 

method points out that a compound is potentially aroma active in the sample matrix. 

Interestingly, all observed aldehydes varied among the extraction techniques and 
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therefore showed temperature-dependent behavior. 3MB was not observed in SPME 

and SAFE. In SD in contrast it showed odor activity. Methional appeared only in SAFE, 

not in SPME or SD. Model systems revealed its degradation and polymerization during 

distillation. PA showed the highest olfactometric activity in SD. Furthermore, two 

acetals (2,4,5-trimethyl-1,3-dioxolane and diethoxyethane) were found in SD but not in 

any other extraction technique. The occurrence of these products of aldehydes and 

alcohols suggests rather temperature-dependent formation than depletion of these 

bound states. The same behavior can be expected during the brewing process, 

especially during wort boiling. 

In another experiment, SAFE and SD were compared more closely in a quantitative 

way. The results showed differences in certain aging indicators even though both 

approaches were internally calibrated and each fully validated. Among these, 

especially 3MB, PA, and FUR appeared to differ quite strongly. In the case of 3MB and 

FUR the concentrations were lower in SD, while PA was higher in SD. It was concluded 

that bound state precursors and possibly other intermediates are affected during 

sample preparation and thus affect the matrix-assisted calibration. In comparison to 

3MB and FUR, PA shows a relatively high affinity towards nucleophiles (see section 

4.2) being a plausible cause for the observed discrepancies. This behavior was finally 

confirmed in model systems. When solutions of cysteinylated FUR or 3MB were 

distilled according to the SD method, recoveries of about 80 – 90 % of the respective 

aldehyde were observed. The observed decreased recovery rates can occur on the 

one side due to a loss of analyte during the work-up procedure but also on the fact that 

the aging potential influences the matrix-assisted calibration. Since not only the added 

amount of analyte is detected but additionally the amount that is formed and released 

during the work-up the recovery rates are expected to be lower. 

Thus, the type of extraction and analysis technique of volatiles is critical when 

assessing flavor instability. Therefore, SPME was chosen for the further analyses of 

free and bound state aldehydes after release in this thesis.  

In practice, of course some valuable information can be drawn from the currently 

established assessment of flavor instability with forced aging but one should be aware 

of the underlying differences to natural aging. It is necessary to gain a holistic insight 

into the possible aging mechanisms and how they might differ between natural and 

forced aging. Only in this way, technological improvements can be achieved on a non-
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empirical basis. Therefore, a literature review was conducted as a third part of this 

work. The main findings are discussed in the following lines.  

4.2 Structure-dependent interactions of aldehydes in complex 

matrices 

In complex matrices such as malt, wort and beer, as described above, all compounds 

possibly interact with one another and form a thermodynamical equilibrium. Since the 

functional carbonyl group is relatively electrophile and thus reactive, it stands to reason 

that, these compounds interact with the respective matrix at each production step – 

from malting to brewing. This takes place in the sense of nucleophilic additions and 

possible further reactions (such as elimination of water). Thus, free aldehydes can be 

masked to human perception and other processes such as evaporation during wort 

boiling or reduction by yeast during fermentation [12]. This binding can be either 

reversible or irreversible [53]. In experiments with 13C-labelled amino acids it was 

shown that 85 % of Strecker aldehydes in the final aged beer are produced up-stream 

and then bound. The authors especially highlighted the importance of the wort boiling 

step. In that study, only 15 % are formed were found to be formed de novo [54].  

From literature, a variety of possible bound state aldehydes and thus potential 

indicators of beer flavor instability could be identified. These comprise bisulfite adducts, 

imines, cysteinylated aldehydes, acetals, and glycosides. The respective binding 

agents are bisulfite (HSO3
-), amino groups (from amino acids, peptides and proteins), 

cysteine, alcohols, and carbohydrates. 

Since all these precursors are formed in nucleophile additions. In theory, all 

heteroatoms (especially nitrogen (N), oxygen (O), and sulfur (S)) with a higher 

electronegativity compared to carbon can act as nucleophiles in this reaction. 

Furthermore, the nucleophilicity of the respective reaction partners can be used to 

judge on the importance of adduct formation in beer.  

Among the present nucleophiles in malt, wort and beer, especially cysteine (N = 23.4), 

proline (N = 18.1), and bisulfite (N = 16.8) show high nucleophilicity parameters [90, 

91]. They are sufficiently available in wort and beer, and reaction parameters (pH, 

temperature) favor their formation during wort boiling (N adducts) and fermentation 

(SO2 adducts) [12]. In contrast, the nucleophilicity of ethanol is expected to be relatively 

low as its surrogate, methanol (N = 6.0) suggests. Therefore, acetals appear of lesser 
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importance. Thus, imines, cysteinylated aldehydes, and bisulfite adducts can be 

regarded as the most important bound state precursors. It can be hypothesized that 

due to their distinct separation during the process, there is a hot-side (malting and 

brewhouse) and a cold-side (fermentation) bound pool. These two make up the bound 

state pool of final beer. All the aroma active compounds and their possible precursors 

including bound state aldehydes are defined as the aging potential of beer. This 

potential is hypothesized to be responsible for the occurrence of aged aromas. 

Thus, the described bound state aldehydes need to be analyzed in order to get insights 

on the flavor instability of a sample. Only in this way, relevant structures, their 

stabilities, their behavior during aging and potential bound state indicators can be 

reliably identified. Furthermore, in the past, partial approaches of observation have all 

failed to explain the actual phenomenon and neither, solely oxidation, nor de novo 

formation nor the release from bound states will do so in future [34]. Thus, in this thesis 

the afore-mentioned candidates were analyzed directly and indirectly with different 

methods. 

The direct analysis of bound state aldehydes can be challenging due to various 

reasons but should ultimately be strived for. In aqueous media for example, imines and 

corresponding amines are present in an equilibrium and the former can be rapidly 

hydrolyzed for example during extraction. To avoid this, reduction of the imine was 

described as one way to fixate these compounds [70]. Therefore, when directly 

investigating bound state aldehydes, strategies that preserve the original state of 

equilibrium need to be followed.  

The indirect approach also appears promising. By addition of an agent that might 

release reversibly bound aldehydes the resulting free aldehydes can be determined. 

The amount of bound state aldehydes is then calculated based on the difference 

between free aldehydes after release and free aldehydes without addition of release 

agents. In the case of indirectly investigating them, the least invasive method for free 

aldehydes needs to be chosen. In combination with results after bound state aldehydes 

have been released, an evaluation of flavor instability is possible. A critical aspect when 

releasing aldehydes is the mechanism through which it is achieved. From literature, 

two different release agents could be identified.  

It is known that 4VP competes for nucleophiles (“cysteine-trapping agent”) and 

elevates the pH value. It was demonstrated that the addition of this compound does 
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not catalyze de novo formation. In model systems with aldehydes and cysteine, near 

to complete recovery rates could be achieved [57]. Furthermore, this approach was 

also applied in commercial beer samples in which the highest release was observed 

for 2MP and FUR [92]. Additionally, acetaldehyde is also able to release other 

aldehydes through shifting of the chemical equilibrium due to its higher affinity towards 

nucleophiles. In mixtures with bisulfite it was demonstrated that the addition of 

acetaldehyde increases the concentrations of other aldehydes, especially unsaturated 

aliphatic aldehydes such as T2N [52].  

In a holistic view, beer aging can be regarded as a multi-stage phenomenon in which 

the actually perceivable aldehydes occur due to an interplay of ROS-induced oxidation, 

release from N- and SO2-adducts and de novo formation. Presumably, a big part of 

free aldehydes and their precursors including bound state aldehydes are formed during 

the brewing process.  

Figure 3 gives an overview of the possible reactions during beer aging. N-adducts 

(mostly imines) are mainly formed on the hot side during malting and brewing (wort 

boiling) due to the favorable pH (~ 5.0–5.2). They are slowly hydrolyzed at beer pH 

(4.2–4.5) during aging and release free aldehydes. The formation and degradation of 

imines should be a 2nd order reaction [93]. Therefore, the impact of release from imines 

is most impactful at the beginning of aging and less with increasing time.  

SO2-adducts are formed during fermentation in the green beer (cold side) and will be 

depleted through equilibrium-driven release since oxidation of sulfite to sulfate occurs. 

The same effect might occur through an ROS-mediated increase in acetaldehyde.  

Finally, via de novo formation aldehydes can arise during aging in oxygen-independent 

and dependent mechanisms as described previously.  

Thus, it can be hypothesized that the main drivers of the discussed aging processes 

are the pH-value, ΔT, t and ROS. Presumably, a big part of free aldehydes arises due 

to shifts in the chemical equilibrium as a result of competitive reactions among all 

aldehydes, which will be discussed in the following chapter. It can be argued that a 

beer is never fully in a chemical equilibrium due to the fact that it does not represent a 

closed system and the abundance of reactive compounds. Especially, the influence of 

temperature will be discussed in the following lines.  
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Figure 3: Schematic course of aldehyde formation during beer aging with various sources for 

aging aldehydes: hydrolysis of N-adducts, release from SO2-adducts (mediated through 

competition with ACA (1) and oxidative depletion of sulfite (2)), and de novo formation 

As it was shown that temperature during the analysis of free aldehydes is critical, it 

stands to reason that temperature plays a major role in the formation and degradation 

of aldehydes during the process. Especially, the wort boiling process is hypothesized 

to be a critical step for the formation of amino group-related adducts due to its favorable 

reaction conditions and abundance of reactants.  

Among other parameters, such as nucleophilicity of the binding agents, also the 

electrophilicity of the aldehyde influences the affinity towards a bound state. Doubtless, 

the structure of the aldehyde influences its affinity towards being free or bound (De 

Azevedo 2007). Since aldehydes will be attacked nucleophilicly in the described 

reactions, the electrophilicity (ω) of the respective aldehyde group is a measure for its 

affinity towards being attacked. This is in turn influenced by the molecular structure 

and resulting inductive or mesomeric effects but also steric effects. Generally, short-

chain aldehydes are more electrophilic than longer-chain; α,β-unsaturated aldehydes 

show higher electrophilicity as well as aromatic ones but sterical hindrance reduces it  

[94].  
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Table 3: Influence of aldehyde properties on electrophilicity according to LoPachin et al. [94] 

Exemplary 

compound 

Structure Electrophilicity 

ω [eV] 

Properties 

Formaldehyde  

 

2.62 Aliphatic 

Short chain 

No steric hindrance 

Nonanal  2.16 Aliphatic 

Long chain 

No steric hindrance 

Acrolein 
 

3.82 Aliphatic 

α,β-unsaturated 

No steric hindrance 

Citral 

 

3.44 Aliphatic  

α,β-unsaturated 

Steric hindrance 

Vanillin 

 

3.32 Aromatic 

Steric hindrance 

Based on the theoretical values of electrophilicity of the surrogates shown in table 3, 

T2N, BENZ, PA and FUR should be present at fairly high concentrations compared to 

2MP, 2MB, 3MB, METH and HEX. Another study found that the experimental 

equilibrium constants of bisulfite addition in wine model systems vary greatly with the 

aldehyde. The highest reactivities are found for ACA (Ka = 485 × 103), followed by 

methional (Ka = 50 × 103), 3MB (Ka = 29 × 103), PA (Ka = 17 × 103), 2MP (Ka = 2.8 ×103), 

2MB (Ka = 2.6 × 103), and lastly FUR (Ka = < 0.1 × 103). In these studies, HEX and 

T2N were not investigated but it was reported on decanal (Ka = > 100 × 103). As 

described above, the values for these aldehydes should be comparable or at least in 

the same magnitude [95, 96]. This highlights the complexity of the chemical equilibrium 

since not only the electrophilicity but also steric effects, as well as the concentrations 

at each production step and the following steps have to be considered. Therefore, it 

can be concluded that especially aliphatic aldehydes from Strecker degradation and 

lipid oxidation such as 2MP, 2MB, 3MB and HEX can be bound and also released 

relatively easy in the matrix wort and beer. 
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4.3 Development and degradation of amino group-related adducts 

Therefore, the behavior of free and bound state aldehydes on the hot side of the 

brewing process was further investigated. Amino group-related adducts such as imines 

appear to have the highest impact on the hot side. Thus, beers were produced with a 

systematic variation of reactants by variation of the proteolytic malt modification.  

In the fourth part of this work, the existence of bound state (4VP-releaseable) 

aldehydes was discovered throughout the wort boiling process. These bound state 

aldehydes decreased during wort boiling but less than free aldehydes and thus were 

present at higher levels at the end of boiling. The ratio of free and bound state 

aldehydes was equal for all the observed proteolytic malt modifications. A correlation 

of bound state aldehydes and soluble nitrogen in the sample was discovered especially 

for Strecker aldehydes and FUR by barley variety. 2MB (R = 0.91), FUR (R = 0.85) 

and METH (R = 0.82) showed the highest correlation coefficients. Therefore, it could 

be concluded that a considerable amount of bound state aldehydes is dependent on 

soluble nitrogen and therefore free amino groups.  

To unravel the identity of these 4VP-releasable aldehydes, targeted analysis was 

applied. Previously, cysteinylated aldehydes were suggested as the most promising 

bound state aldehydes. In this work, at the end of boiling, only 3MB, PA and METH 

were present in a cysteinylated form. In average, for 3MB the cysteinylated form could 

explain only 1 % of 4VP-releasable aldehydes. For METH 10 % and for PA 7.5 % could 

be explained this way. Furthermore, no consistent trend in regard to the proteolytic 

malt modification was observed.  All other aldehydes were not detected. This coincides 

with data from the literature. Other authors could detect some cysteinylated aldehydes 

during the process. Their concentrations are relatively high in malt but they degrade 

throughout the process and most quickly during fermentation [72]. Yet, during beer 

aging, the concentrations of cysteinylated aldehydes increase again slightly through 

the chemical equilibrium [74]. Overall, cysteinylated aldehydes do exist in the beer 

matrix but can be regarded as mostly inconsequential for beer flavor instability. Thus, 

other target compounds need to be chosen. 

Fermentation did not affect the 4VP-releasable aldehydes as drastically as 

cysteinylated aldehydes, since in fresh beers (without SO2) 4VP still showed release 

as the fifth part of this work indicated. This might be due to the fact that the hydrolysis 

rate of imines is lower than the one of 2-substituted-1,3-thiazolidine-4-carboxylic acids 
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and that the thiol group of cysteine shows high affinity towards other compounds. In 

the case of 4VP, the highest relative concentrations compared to free aldehydes in 

fresh beer were found for 2MP (up to 1970 %), Fur (up to 760 %), PA (up to 290 %). 

In the case of ACA, 2MP (up to 490 %), 2MB (up to 220 %), 3MB (up to 120 %), Hex 

(up to 102 %) and Benz (up to 620 %) could be released most effectively. 

During aging, less aldehydes could be released, except for a few exceptions, thus 

supporting the hypothesis of this work. For 4VP, this over-time-decreasing behavior 

was statistically reliable for 2MP, Fur and PA. The behavior of BENZ and T2N deviated 

from the others. They showed the highest release after 3 resp. 6 months of natural 

aging. Thus, these aldehydes follow a more complex role in the changing equilibrium. 

T2N for instance is known to form diadducts with nucleophiles [53]. The ACA-

releasable aldehydes decreased also during aging. This was observed especially for 

2MP, 2MB, 3MB, HEX, BENZ, FUR and METH. Contrary to that, PA and T2N were 

present in highest concentrations after 9 months. Again, this finding highlighted the 

different behavior of unsaturated and possibly aromatic aldehydes compared to 

saturated aliphatic aldehydes.  

Figure 4 shows the course of the ratio between bound (assessed by release with 4VP) 

and free aldehydes – exemplary for 2MP – from pre-boil wort over cast-out wort until 

fresh and aged beer (M6). The figure combines data from part 4 and 5 of this thesis. 

Values of 0 indicate that no aldehydes were releasable by 4VP.  
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Figure 4: Course of ratio of bound (B; released with 4VP) and free (F) aldehydes from pre-boil 

wort, cast-out wort and fresh beer to aged beer (6 months naturally) from different barley 

varieties (B1 = Avalon, B2 = Marthe) and proteolytic malt modification levels (P1 = low, P2 = 

medium, P3 = high) 

For all modifications except B1/P1, a bound state of 2MP was observed. This indicates 

that already during malting and mashing amino group-related adducts can be 

developed. In the cast-out wort, in the case of B1, the ratio of bound and free aldehydes 

increased, indicating a development of bound aldehydes as well as the evaporation of 

free aldehydes. In the case of B2, a stagnating behavior could be observed. The impact 

of reduction by yeast can clearly be observed in the data of fresh beer. Here, the free 

aldehydes are mainly reduced as indicated by the average amounts of 2MP over all 

proteolytic malt modifications (151.0 µg/L in cast-out wort vs. 6.2 µg/L in fresh beer). 

In contrast, the amount bound aldehydes decreased to a lesser extent (311.0 µg/L in 

cast-out-wort vs. 57.8 µg/L in fresh beer). Finally, during aging, the ratio of bound and 

free aldehydes is shifted towards the free form. This is discussed more in detail in 

Figure 5. 

4.4 The use of bound state aldehydes for the prediction of flavor 

instability 

Therefore, there is a need for the unravelling of the nature of 4VP-releasable and ACA-

releasable aldehydes. As two studies of this work support the hypothesis that a higher 

amount of soluble N in wort and beer lead to more free and bound state aldehydes, 

the focus of future research should be on amino group-related bound state aldehydes 

such as imines. Chosen markers of bound state aldehydes should then be analyzed 
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by targeted methods. Especially, as discussed previously certain imines appear to be 

promising. For the targeted analysis of imines, the chemical equilibrium of imines can 

be “frozen” by the reduction of imines. Thus, they are not hydrolysable and will not be 

affected due to the equilibrium. The resulting secondary amine can be analyzed by 

HPLC [70]. Furthermore, the secondary amine, proline should be regarded as an 

interesting amino acid due to its high nucleophilicity (second highest among amino 

acids in beer [90]) and abundance in wort and beer. In the project beers, proline was 

present at concentrations from 325–498 mg/L.  

After all, the assessment of the aging potential by release of bound state aldehydes 

and thus, the prediction of the flavor instability was demonstrated to reveal promising 

and valuable insights into the aging behavior of pale lager beers. The equilibrium of 

free and bound state aldehydes is pushed towards the free form during aging (Figure 

5).  

 

Figure 5: Ratio of free and bound state aldehydes during the course of aging assessed by 2 

different release agents (4VP and ACA; B1 = barley variety Avalon; B2 = barley variety Marthe; 

P1 = low, P2 = medium, P3 = high proteolytic malt modification; n = 6) 

Furthermore, it was also shown that the early-stage of natural aging of up to 6 months 

is influenced by the release of bound state aldehydes. Due to the fact that the 
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degradation of imines follows a 2nd order reaction [93], most aldehydes are released 

during this time. After that, de novo formation gains more importance.  

Thus, the release of these compounds provides a realistic aging prediction. This 

approach can be regarded as an alternative to forced aging, whose drawbacks were 

discussed previously. In addition, results are obtained faster in this way allowing for 

better decisions concerning distribution and export. 
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5 Conclusions and Outlook 

The findings in this thesis give new insights into the chemistry of flavor instability of 

pale lager beers and its prediction.  

The currently established estimation method via forced aging and determination of 

volatile aging indicators using steam distillation were shown to inherit major 

drawbacks. It was demonstrated that forced aging results in a different quantitative 

profile of aroma active aging indicators and therefore a changed sensory profile 

compared to natural aging. Furthermore, the thermal stress during the extraction of 

volatiles by steam distillation resulted in substantial formation of aldehydes – through 

de novo formation as well as release from bound states. The latter group of molecules 

was identified to have significant impact on flavor instability especially in the early- and 

medium-phase of aging – the time span that is of most interest for the industry.  

New insights into the formation and depletion of bound state aldehydes – indirectly 

assessed through the release by 4VP resp. ACA – were obtained and allow for a better 

understanding of the underlying mechanisms. It was shown in standardized brewing 

trials with variations in the proteolytic malt modification that during wort boiling, an 

amino group-related pool of bound state aldehydes is built up. The nature of these 

adducts – most likely imines – is to be determined in future. The previously discussed 

group of cysteinylated aldehydes was found to be inconsequential for flavor instability.  

Finally, it was shown that the equilibrium of free and bound state aldehydes is shifted 

to the free state during aging and thus causing the observed quality loss. The 

mechanisms of release are a complex interplay of various chemical reactions but have 

to be investigated further. 

In future, the initial amount of bound state aldehydes in fresh beer should be used as 

an important indicator to assess the aging potential and the resulting flavor instability 

on a day-to-day basis. As described, the indirect way (release of bound state 

aldehydes) provides valuable data. Yet, it should be backed up by the direct analysis 

of bound state aldehydes by more sophisticated LC-, MS- and NMR-based techniques. 

In this way, bound state indicators should be established. Furthermore, the application 

of (untargeted) proteomics should provide valuable insights into the interaction of 

aldehydes, and peptides and proteins. 
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Additionally, a special focus should be on the impact of yeast metabolism on bound 

state aldehydes. The dualism of reduction of aldehydes on the one hand and formation 

of bisulfite adducts on the other hand should be investigated more closely. The direct 

analysis of bisulfite adducts by LC-MS/MS after enrichment with SPE (ion exchange) 

was promising in unpublished results. 

The holistic assessment of beer flavor instability – de novo formation, oxidation, 

release of bound state aldehydes – allows for better understanding of this phenomenon 

in all its aspects. More importantly it opens new ways towards technological 

approaches to reduce the loss of quality during beer aging and ultimately to more flavor 

stable beers. 
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