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Resumo 

 

A cerveja contém vários compostos com propriedades benéficas para a saúde, de 

entre os quais se pode destacar o xanto-humol (XN). O XN é a principal chalcona 

prenilada presente no lúpulo, tendo recebido especial atenção nas últimas décadas 

devido às suas propriedades benéficas para a saúde, destacando-se as suas 

actividades antioxidante, antiproliferativa, pró-apoptótica, anti-inflamatória, 

antidiabética, antibacteriana e antiviral. Contudo, o teor de XN nas cervejas comerciais 

é muito baixo (inferior a 0.15 mg/L em cervejas brancas), devido principalmente à sua 

isomerização a isoxanto-humol (IXN) durante a ebulição do mosto. Uma vez que a 

cerveja é a principal fonte de XN na dieta, diferentes estratégias têm sido 

desenvolvidas para produzir cervejas enriquecidas em XN. Estudos recentes 

demonstram que os maltes torrados contêm substâncias capazes de inibir a 

isomerização de XN durante a ebulição do mosto, permitindo deste modo obter 

maiores concentrações de XN em cervejas pretas (superiores a 10 mg/L). Contudo, 

existem poucos estudos sobre a influência do enriquecimento em XN, nomeadamente 

na levedura e fermentação, bem como na qualidade e estabilidade da cerveja. 

Numa primeira etapa deste trabalho foi avaliada a influência de vários tipos de 

malte com diferentes graus de torrefação (pilsner, carared, melano, melano80, 

chocolate e black) na isomerização térmica do XN, durante a ebulição do mosto à 

escala laboratorial. Aproximadamente 90 % do teor inicial de XN foi convertido em IXN 

durante a ebulição de mosto pilsner, e entre 65 % e 85 % no mosto produzido a partir 

de maltes caramelo (carared, melano e melano80). De salientar que cerca de 50 % da 

concentração inicial de XN foi determinada no final da ebulição nos mostos produzidos 

a partir de maltes torrados (chocolate e black). De modo a identificar, isolar e 

caracterizar os compostos responsáveis pela inibição da isomerização do XN, três 

tipos de malte representativos dos diferentes processos de torrefação foram 

selecionados (pilsner, melano80 e black) e os respetivos mostos foram fracionados por 

cromatografia de exclusão molecular (CEM). Os resultados obtidos sugerem a 

presença de compostos com intervalos de massa molecular característicos nos 

diferentes maltes. O malte black contém maioritariamente compostos de elevada 

massa molecular (> 300 kDa) com coloração castanha intensa, bem como compostos 

de baixa massa molecular (< 10 kDa)  com uma cor castanha menos intensa. 

Contudo, nos mostos obtidos a partir de maltes pilsner e melano80 apenas foram 
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identificados compostos corados de baixa massa molecular. Os ensaios de 

isomerização sugerem que apenas as frações de elevada massa molecular isoladas 

do malte black contêm compostos capazes de inibir a isomerização do XN. Os maltes 

torrados e as frações de elevada massa molecular contêm um elevado teor em 

melanoidinas (MLD), compostos com coloração castanha intensa resultantes da 

reação de Maillard, sugerindo que estes compostos serão os principais responsáveis 

pela proteção do XN durante a ebulição do mosto. 

O efeito positivo dos maltes torrados nos teores de XN no mosto motivou o estudo 

do impacto da torrefação e do desenvolvimento de compostos provenientes da reação 

de Maillard nas propriedades antioxidantes de diferentes maltes (pilsner, melano80 e 

black), assim como na estabilidade oxidativa da cerveja. Durante a torrefação dos 

maltes ocorre a formação de antioxidantes resultantes da reação de Maillard, como 

redutonas e MLD. Contudo, estudos recentes demonstram que as MLD podem exibir 

também propriedades pró-oxidantes. Neste sentido, foi avaliado o impacto dos 

produtos da reacção de Maillard no potencial antioxidante de maltes pilsner, melano80 

e black. As MLD de elevada massa molecular, isoladas de mosto produzido a partir de 

malte black, apresentaram uma capacidade antiradicalar três vezes superior aos 

compostos de baixa massa molecular pelo método da metamioglobina. Contudo, o 

mosto black e as MLD exibiram menor potencial antioxidante, num sistema de Fenton, 

através da avaliação da inibição da degradação da desoxirribose pelos radicais 

hidroxilo. Dado que a fração de MLD exibiu um poder redutor quatro vezes superior à 

fração de compostos de baixa massa molecular, os resultados sugerem um efeito pró-

oxidante devido à formação catalítica de radicais hidroxilo na presença de Fe2+. A 

competição entre as propriedades anti e pró-oxidantes das mesmas amostras foi 

avaliada por espectroscopia de ressonância paramagnética eletrónica (RPE), num 

sistema de Fenton catalisado pelo ferro. Neste contexto, o mosto produzido a partir de 

malte black exibiu uma capacidade de neutralização de radicais duas vezes inferior 

aos mostos pilsner e melano. Os compostos de elevada massa molecular isolados do 

mosto black (intervalo de massa molecular entre 4 x 106 e 108 g/mol) foram 

responsáveis por um aumento do nível de radicais em aproximadamente 40 % no 

sistema de Fenton, sendo por isso capazes de induzir a oxidação catalisada pelo ferro 

num sistema modelo de cerveja, tal como demonstrado pela diminuição dos níveis de 

oxigénio dissolvido em aproximadamente 11 %, indicador de um aumento das 

reacções de oxidação. 
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A cerveja é um produto instável envolvendo complexas transformações químicas, 

responsáveis pela alteração das suas propriedades sensoriais e qualidade. Por esta 

razão, é muito importante perceber a influência do enriquecimento em XN nos 

processos oxidativos e formação de radicais na cerveja. Neste estudo foi claramente 

demonstrado que o enriquecimento em XN poderá ter um impacto relevante na 

estabilidade oxidativa da cerveja. Num sistema modelo de cerveja (5,8 % etanol, v/v), 

o XN exibiu propriedades antiradicalares a baixas concentrações (inferiores a 2 mg/L), 

neutralizando os radicais em aproximadamente 10 % a 0,1 mg/L, quantificados por 

RPE. Contudo, uma tendência para a formação de radicais foi observada para 

concentrações de XN superiores a 5 mg/L, indicativo de um efeito pró-oxidante. A 

influência do XN na estabilidade oxidativa da cerveja foi também avaliada através da 

medição do teor de O2 dissolvido, na presença de mostos produzidos a partir de 

diferentes maltes (pilsner, melano e black). A adição de 10 mg/L de XN induziu um 

aumento do consumo de O2 no sistema contendo mosto pilsner, não tendo sido 

observado qualquer efeito no sistema contendo mosto black. Estes resultados indicam 

que as cervejas pretas enriquecidas em XN são menos dispostas a oxidação que as 

cervejas pilsner, devido a uma possível interação entre o XN e os compostos gerados 

durante a torrefação do malte. 

A etapa final do trabalho teve como objetivo perceber de que modo o XN pode 

afetar a viabilidade da levedura cervejeira e reforçar os benefícios ou os efeitos 

nocivos do XN para a levedura. O mecanismo de ação do XN nas células de levedura 

foi investigado através da avaliação da atividade antioxidante intracelular e dos seus 

efeitos antigenotóxico/genotóxico. As células de levedura, em situação de stress 

oxidativo, demonstraram maior crescimento, menor oxidação intracelular e menores 

danos no ADN na presença de 5 mg/L de XN, indicadores de um mecanismo protetor 

envolvendo a neutralização de espécies reativas de oxigénio. Contudo, o efeito oposto 

foi observado para concentrações de XN superiores a 5 mg/L, conduzindo a menores 

taxas de crescimento da levedura e a um aumento significativo nos danos do ADN 

devido à toxicidade do XN mediada por stress oxidativo. Em concordância com os 

resultados descritos no sistema modelo de cerveja, o XN exibiu um efeito pró-oxidante 

para um limiar de concentração de 5 mg/L, mas também propriedades antiradicalares 

para concentrações inferiores a 5 mg/L. Estas evidências fornecem nova informação 

relativamente ao impacto do enriquecimento em XN nas células de levedura, 

demonstrando um efeito antioxidante/antigenotóxico ou pró-oxidante/genotóxico 

dependente da concentração.  
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Abstract 

 

Beer contains multiple compounds with important and well-known benefits to 

health. One compound in beer that has received much attention in the last decade is 

the hop derived compound xanthohumol (XN), the main prenylated chalcone present in 

the hop plant. XN possesses important health-benefit properties including antioxidant, 

antiproliferative, pro-apoptotic, anti-inflammatory, antidiabetic, antibacterial and antiviral 

activities. However, commercial beers are characterized by a low content in XN (lower 

than 0.15 mg/L in conventional pale beers), mainly due to XN isomerization into 

isoxanthohumol (IXN) during wort boiling. Since beer is a unique source of XN in 

human diet, there has been a growing interest in the production of XN-enriched beers 

and different strategies have been conducted in order to increase XN content in beer. 

According to recent studies, roasted malts contain substances that are able to inhibit 

XN isomerization during wort boiling, resulting in higher levels of XN in dark beers 

(higher than 10 mg/L). However, few studies focus on the impact of XN enrichment on 

the brewing process, such as yeast performance, and on beer quality and stability. 

The first stage of this work comprised the study of the influence of different malt 

types with different degrees of roasting (pilsner, carared, melano, melano80, chocolate 

and black) on the XN thermal isomerization during wort boiling in a small-scale. 

Approximately 90 % of XN was converted into IXN during pilsner wort boiling, and 

between 65 and 85 % in caramel malt worts (carared, melano and melano80). 

Interestingly, roasted malt worts (chocolate and black) showed a different behavior, 

with more than 50 % of the initial XN content after wort cooling.  In order to identify, 

isolate and characterize the compounds responsible for the inhibition of XN 

isomerization, three malt types were chosen as representative samples of different 

roasting processes (pilsner, melano80 and black) and worts were fractionated by gel 

filtration chromatography (GFC). Results suggest the presence of characteristic 

molecular weight regions for the different malts. Black malt is characterized by high 

molecular weight (HMW) compounds (> 300 kDa), with an intense brown color, as well 

as by lower molecular weight (LMW) compounds (< 10 kDa) with a less intense brown 

color. However, melano80 and pilsner malts are only characterized by LMW colorants. 

The isomerization trials suggest that the HMW fractions in roasted malt are responsible 

for the inhibition of XN isomerization, since the LMW compounds did not affect XN 

content during boiling. Roasted malts and HMW fractions hold a large content in 
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melanoidins (MLD), brown HMW Maillard reaction products (MRPs) formed during malt 

roasting, suggesting that these compounds are the main responsible for the protection 

of XN. 

The positive contribution of roasted malts on XN yields has motivated the study of 

the impact of roasting and the development of MRPs on the antioxidant properties of 

malt and beer oxidative stability. In fact, the formation of antioxidants may occur 

through the Maillard reaction, such as reductones and MLD, during roasting. However, 

recent studies showed that MLD can exert a pro-oxidant activity as well. The role of 

MRPs on the antioxidant potential of pilsner, melano80 and black malts was evaluated. 

HMW MLD, isolated from black wort, showed 3-fold higher capacity to scavenge 

radicals than the LMW colorants by the metmyoglobin assay. However, a significant 

decrease of the capacity of black malt and HMW MLD to inhibit Fenton induced 

hydroxyl degradation of deoxyribose was observed. As HMW MLD, isolated from the 

black malt extract, exhibited 4-fold higher reducing power than LMW fraction, results 

support a pro-oxidant effect due to the catalytic formation of hydroxyl radicals in the 

presence of ferric ions. The competition between anti and/or pro-oxidant properties of 

the same malt samples was evaluated in an iron-catalyzed Fenton assay by electron 

spin resonance (ESR) spectroscopy. Black wort exhibited 2-fold lower radical 

quenching capacity compared to pilsner and melano worts. As previously 

demonstrated, HMW compounds isolated from black wort (molecular mass in the range 

of 4 x 106 and 108 g/mol) were responsible for an increase of radicals (approximately 

40 %) in a Fenton reaction and were able to accelerate metal-catalyzed oxidation in a 

beer model as shown by a decrease of approximately 11 % of the dissolved O2, 

indicative of an increase of oxidative reactions. 

Beer is an unstable product that undergoes complex chemical transformations 

during its shelf life that can alter its sensory properties and consequent quality. For this 

reason, it is of extreme importance to understand the influence of XN enrichment on 

the oxidative processes and radical formation in beer. It was clearly demonstrated that 

XN enrichment of beer may have a significant impact on beer oxidative stability. XN 

exhibited radical scavenging properties at lower concentrations (lower than 2 mg/L), 

reducing the formation of radicals by around 10 % at 0.1 mg/L in a model beer (5.8 % 

ethanol, v/v) determined by ESR. However, a trend towards the radical formation was 

observed for concentrations higher than 5 mg/L, indicative of a pro-oxidant effect. The 

influence of XN on the oxidative stability of the model beer was also evaluated by 

measuring the consumption of O2 in the presence of worts obtained from different malts 
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(pilsner, melano and black).  The addition of 10 mg/L XN led to an increase of O2 

uptake in the pilsner wort, while no effect was observed for black wort suggesting that 

XN enriched-dark beers are less prone to oxidation than pilsner beers due to a possible 

interaction of XN with HMW compounds generated during roasting. 

In the late stages of this work, it was intended to understand how XN may affect 

brewer’s yeast cells viability and reinforce the beneficial or harmful effects of this 

compound on brewer’s yeasts. The mechanism of action of XN on the yeast cells was 

studied by assessing the intracellular antioxidant activity of XN and the 

antigenotoxic/genotoxic effects of XN on yeast cells. Yeast cultures under oxidative 

stress displayed stronger growth, less intracellular oxidation and less DNA damage in 

the presence of 5 mg/L of XN, indicative of a reactive oxygen species scavenging 

protective mechanism. However, XN evoked the opposite effect at concentrations 

above 5 mg/L, leading to a slower growth rate and significant increase in DNA damage 

due to XN toxicity mediated by oxidative stress. In agreement with previously results 

obtained in a beer model, XN exhibited a pro-oxidant effect for a concentration 

threshold of 5 mg/L, but radical scavenging properties for concentrations lower than 5 

mg/L. These evidences provide further insights into the impact of XN on brewer’s 

yeast, supporting dose-dependent antioxidant/antigenotoxic or pro-oxidant/genotoxic 

effects. 

 

Keywords 

Antioxidant, beer, Maillard reaction products, malt, melanoidins, pro-oxidant, radicals, 
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1.  A glimpse over the beer production  

Beer is as a fermented and flavored alcoholic beverage derived from starch [1], 

encompassing the use of barley (malt), hop, water and yeast. Water is 90 % of the 

composition of beer and the other major ingredient in beer is malt [2]. Grains (typically 

from barley and/or wheat) provide fermentable sugars that are converted to alcohol by 

yeast. Hops impart bitterness and water assists mashing, brewing and fermentation.   

In this chapter a brief overview of the fundamental processes of brewing is outlined, 

based on the information published by De keukeleire and Goldammer [3, 4], for a better 

understanding of the beer-making process and some technical terms used in this 

thesis. 

 

1.1. The brewing process 

As illustrated in Fig. 1.1, the brewing process is very complex and encompasses 

many steps. The process starts with the mix of milled barley malt with hot water to form 

a mash. The malt starches are converted to fermentable sugars to produce wort. The 

wort is then boiled with the addition of hops to add bitterness and aroma. After, yeast is 

added for fermentation and production of alcohol and carbon dioxide, as well as other 

byproducts. The “green beer” obtained after fermentation undergoes maturation. In the 

end, beer is filtrated and bottled.  

 

1.1.1. Mashing and wort separation (lautering) 

In the mashing step, the grinded malt is mixed with hot water to produce a 

fermentable extract (wort). The grains are milled before mash in order to crack the husk 

surrounding the internal starches, sugars and enzymes, making them available for 

mashing. During mashing occurs the activation of enzymes responsible for the 

reduction in proteins and carbohydrates and for mash acidification. The starch 

molecules are converted to fermentable sugars (mainly maltose and maltotriose) due to 

the enzymatic activity of α-, β-amylases and proteases.  
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After mashing, wort (liquid extract) is separated from the spent grain particles and 

adjuncts in a lauter tan or a mash filter. For this step, it is convenient that the husk is 

cracked but kept intact to achieve a faster filtration. 

 

 

Fig. 1.1 - Diagram of the brewing process (by courtesy of Encyclopaedia Britannica, Inc., copyright 2009; used with 

permission). 

 

1.1.2. Wort boiling and clarification 

After filtration, wort is transferred to the brewing kettle and boiled during at least one 

hour with the addition of hops. This process is responsible for the stabilization of wort 

and the extraction of desirable compounds from hops, which will confer a bitter taste 

and flavor to the beer. Hops are added during boiling at different times to control high 
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foaming (early in the boil), to promote beer bitterness (throughout the boil), and to 

provide aroma and flavor (late in the boil).  

During boiling important biochemical changes occur: inactivation of residual 

enzymes, formation of insoluble complexes of proteins and polypeptides (hot trub), 

improvement of wort color and flavor, sterilization, isomerization reactions (specifically 

α- and β-acids), dissipation of volatile compounds and water evaporation. 

At the end of the boiling period the hopped wort is transferred to a whirlpool for 

separation of hop residues (spent hops) and the trubaceous matter (hot break). After 

clarification, the wort is cooled for the addition of yeast. The wort is usually cooled 

trough plate heat exchangers until it reaches the yeast pitching temperature (range 21-

27 ºC for ale yeast strains and 7.2-12.8 ºC for lager yeast strains). It is also oxygenated 

to support yeast growth. 

 

1.1.3. Fermentation 

Fermentation consists in the conversion of fermentable carbohydrates into alcohol, 

carbon dioxide and other byproducts by yeast, with a considerable effect on beer taste 

and aroma. Fermentation depends on the composition of wort, yeast and fermentation 

conditions. The composition of wort is extremely important due to the presence and 

concentration of nutrients, pH, degree of aeration and temperature. These factors 

largely affect yeast activity and the rate and extent of fermentation with consequences 

to the quality of the final beer.  

The brewer’s yeast belongs to the family of Saccharomycetaceae and the genus 

Saccharomyces. The main fundamental physiological characteristic is the ability of 

yeast to convert sugars to ethanol and carbon dioxide. Depending on the temperature 

of fermentation and the nature of yeast collection at the end of the process, beers can 

be produced by “bottom” or “top fermentation”. Lager yeast strains used for the 

production of bottom-fermented beers (Saccharomyces uvarum) are activated below 5 

ºC and settle down to the bottom of the fermentation vessels when ethanol levels are 

around 5 %. Ale yeast strain Saccharomyces cerevisiae is used in the production of 

top-fermented beers and are resistant to higher ethanol concentrations (up to 12 %) 

and fermented at warm temperatures (15-20 ºC). In the end, inactivated yeast cells are 

collect in the top as dense foam.  
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1.1.4. Maturation 

The maturation of beer involves a secondary fermentation at low temperatures and 

low yeast count. The remaining yeast is resuspended using the fermentable 

carbohydrates in beer resulting from the residual gravity in the green beer or by 

addition of priming sugar. The secondary fermentation will conduct to carbonation, 

removal of all residual oxygen and improvement of flavor and aroma. 

 

1.1.5. Filtration and bottling 

In the final step of the brewing process the residual yeast and other turbidity-

causing materials are removed, in order to achieve colloidal and microbiological 

stability. Filtration also removes proteins and polyphenols present in beer associated 

with the formation of beer haze. Polyvinylpolypyrolidone (PVPP) is commonly used to 

remove polyphenols and amorphous silica gel to remove proteins. After filtration beer is 

carbonated to enhance foaming potential and to enhance flavor. Also, carbon dioxide 

contributes to extend the shelf life of the product. 

Bottling is a critical step for beer flavor stability due to possible turbulence and 

oxygen ingress. Some brewers slightly overcarbonate the beer to compensate any loss 

of carbon dioxide during filling. Beer is then pasteurized for a predetermined period of 

time, at specific temperatures, to ensure microbiological stability. Bottles are usually 

subjected to temperatures of 60 ºC and gradually cooled. 
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2.  Malting: when barley becomes malt  

Approximately 96 % of the malt produced in the world is used for beer production 

contributing to its color and organoleptic characteristics. Although barley, wheat and 

sorghum can be malted, barley malt is preferred for brewing. Malt enhances the body 

of the beer and contributes to its color and organoleptic characteristics. Because 

starches in barley need to be converted into fermentable sugars, the grains are 

submitted to a process called malting, in which enzymes are activated and responsible 

for starch hydrolysis. The malting process aims the transformation of food reserves of 

grain, which are mainly insoluble starch and proteins, into a subtract capable of 

dissolution and extraction in hot water to produce wort which is an aqueous solution of 

fermentable carbohydrates and soluble starch, generating nutrients for yeast. 

 

2.1. The malting process [5-9] 

The malting process (Fig. 2.1) is responsible for an increase of some hydrolytic 

enzymes, a partial hydrolytic degradation of cell wall, proteins and starch and also a 

reduction in the structural strength of the grain tissue. 

 

Fig. 2.1 - Malting scheme. 
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The process comprises 3 stages (Fig. 2.1): steeping (beginning of germination and 

early growth of the embryo), germination (development and growth of barley embryo 

and development of enzymes with formation of green malt) and kilning of green malt 

(final heat treatment to remove moisture). During these stages the grains suffer 

essential modifications that can be controlled in order to evaluate the extent of 

transformation of barley during malting.  

 

2.1.1. Barley seeds 

Malting barleys are bred specifically 

for the production of malt and can be 

classified as either winter or spring growth 

and as either two-rowed or six-rowed 

according to the morphology of the ear 

(inflorescence) - Fig. 2.2. Two-row barley 

ears have two parallel rows of mature 

grains and will produce fewer mature 

grains than six-row barleys, with six rows 

of matured grains. Though, two-row 

barleys will produce larger and more 

consistent in size grains, with lower 

enzyme content, less protein, more starch 

and a thinner husk than six-row barley. 

   

Fig. 2.2 - Two and six-row barley. 

A longitudinal section of barley is represented in the Fig. 2.3. Barley is the only 

brewing cereal with a husk, responsible for the protection of the underlying embryo and 

aleurone layer. The husk is also important to aid wort filtration during brewing. The 

pericarp, testa and aleurone layer also contribute to the protection of the embryo. The 

starchy endosperm is a large cellular structure with thousands of cells containing starch 

granules (90 % of the total weight of the starch content of the grain) and protein matrix 

materials (contains carboxypeptidases and β-amilases activated during malting). 

The embryo and aleurone layer are living tissue and it is imperative to maintain 

effective drying and storage conditions to ensure their viability. In fact, these covering 

layers can be naturally contaminated with fungi and bacteria, leading to the 

degradation of the grains. Possible mechanical damage during harvesting, heat 
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damage during drying and microbial infection during storage can destroy and limit the 

potential of the embryo to produce the natural hormone gibberellic acid. During malting, 

this hormone is transported from the embryo to the aleurone, inducing the production of 

endosperm-degrading enzymes (α-amylase, endo-β-glucanase, pentosanase and 

endoprotease). 

 

 

Fig. 2.3 – Section of malting barley with reference to some metabolic interrelationships occurring during malting (from 

Guido et al. [9]). 

 

2.1.2. Steeping 

The purpose of steeping is to uniformly hydrate the endosperm of raw barley seeds. 

During steeping grains are immersed in water (Fig. 2.1) resulting in an increase of the 

moisture content of grains (from approximately 12 % up to 42-46 %) which will promote 

the beginning of germination, along with higher concentrations of reducing sugars and 

amino acids. These compounds are important precursors of thermally generated 

flavors during heat treatment and contribute to the development of some thermally pre-

formed volatile compounds and their precursors. 

The steeping stage consists on the immersion of grains in water. A typical steeping 

regime consists of an initial water stage for 6-16 hours (under water period) with a 

consequent raise of the moisture content to 33-37 %. Grains are allowed to rest for 12 

to 24 hours (air rest period), during which air is removed downward through the grain 
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bed in order to disturb films of moisture in grains, expose embryos to oxygen and 

remove carbon dioxide produced during respiration. After, grains are immersed in 

water for more 10-20 hours to reach the required moisture content.  

 

2.1.3. Germination 

Germination stage leads to the production of green malt (Fig. 2.1), characterized by 

high moisture content and high enzyme activity. During this stage occurs the growth of 

the embryo, manifested by the rootlets growth, increase in length of the acrospire and 

modification of endosperm content (Fig. 2.3)  The steeped grains are kept 4 to 6 days 

in humid and ventilated conditions in a controlled temperature between 14 and 20 ºC, 

by a flow of air through the bed. This can lead to some loss of moisture that is 

compensated by spraying water onto the green malt during the first days of 

germination. The germination step is controlled by the growth of rootlets that are 

expected to grow to a length of between 1.5 and 2 times the length of the grain. 

Enzymes activated through germination are responsible for the hydrolysis of the cell 

walls, proteins and starch. Gibberellins are released from the scutellum to stimulate the 

productions of hydrolytic enzymes by the aleurone layer, mainly derived from the 

scutellum and aleurone layer (Fig. 2.3). During the initial stages of germination the 

enzymes are released from the scutellum and the cell wall is depredated together with 

proteins and starch granules of the endosperm.  

 

Fig. 2.4 - Degradation of β-glucans (adapted from Brissart 

et al. [8]). 

β-amylase, which exists in the 

original barley in an inactive form in the 

starchy endosperm, is liberated and the 

degradation of the components 

proceeds. The formation of α- and β-

amylase, the degradation of proteins 

and β-glucans are also essential to 

control and regulate the germination 

process. The breakdown of β-glucans 

(Fig. 2.4) in cell walls, mediated by β-

glucan solubilase and endo-β-

glucanase, is very important to achieve 

fast lautering and improve filterability of
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beer. Since it is an enzymatic step, the degradation of β-glucans to smaller water 

soluble molecules, as glucose, is favored by high moisture content and a temperature 

of around 19 ºC for extended periods. 

 

2.1.4. Kilning and roasting 

The final step consists in a heat treatment of grains, also called kilning (Fig. 2.1). 

The thermal processing steps have the greatest impact on the color and flavor of malt, 

depending on the time course temperature and moisture content. This step aims at the 

reduction of the moisture content of green malt to a condition that ensures stability for 

transportation and storage (approximately 5 %). The removal of water prevents further 

growth and modification of grains, allowing a more stable product. Moreover, enzymes 

are inactivated and preserved. 

The heat treatment involves two distinct stages. As represented in the Fig. 2.5, malt 

is exposed to air at 25 ºC during the first phase of kilning and moisture is removed from 

the grain from approximately 44 to 12 %. This phase is rapid and is referred as the 

“whitering” or “free drying phase”.  The second phase of drying, in which the malt is 

dried from 12 % to 4 %, occurs in a much slower process, commonly referred to as the 

“falling rate” phase. At the end of the drying process the kiln temperature is increased 

(“curing” stage), responsible for malt taste, aroma and stability. This is followed by a 

cooling period to ensure an optimum temperature for discharge and storage. 

 

Fig. 2.5 – Temperature profile during the different phases of a typical malt kiln (from Brissart et al. [8]). 



44 FCUP  

Malting: when barley becomes malt 

 

Enzymes are active as long temperature remains below 60 ºC and moisture content 

above 30 %. The moisture content is reduced with the increase of temperature, 

followed by the destruction of the enzymes, which are generally less resistant to heat at 

high moisture content and more resistant to heat al low moisture content. 

According to its color, barley malts can be classified into pale (lager) and dark 

(specialty) malts (Table 2.1). Pale malts are used as the main ingredients for beer 

production and are mildly heated at temperatures from 60 to 95 ºC. Usually, pale malts 

are dried in conventional kilns at temperatures less than 100 ºC to reach low moisture 

content (around 4-5 %) and ensure stability for storage and transportation. Dark malts 

are categorized into color brew malts, caramel malts and roasted malts. Color brew 

malts are produced using temperatures up to 105 ºC, while caramel malts and roasted 

malts are produced by roasting green malt (germinated but not kilned) or pale malt 

(kilned) up to 160 ºC and 220-250 ºC for 2 to 2.5 hours, respectively. Caramel malts 

are characterized by a color of 90 to 360 EBC and a malty, coffee-like and caramel 

flavor. On the other hand, roasted malts have a color of 1200 to 1400 EBC (chocolate 

malt) or 1400 to 1680 EBC (black malt) and a very astringent, smoky and burnt flavor. 

Chocolate malt is very similar to black malt but is roasted for longer periods and lower 

temperatures, leading to less pronounced flavors and lighter color. Recently, special 

malts enriched in melanoidins (MLD) are produced using a specific germination 

process and a slow drying up to 130 ºC. These conditions lead to the formation of MLD 

as part of the kilning process and improve flavor and color of malt. 

Specialty malts are produced not for their enzyme content but to provide extra color 

and flavor to beer. They are used in relatively small quantities (usually < 5 %) 

comparing to pale malts (> 95 %) because the use of specialty malts results in lower 

levels of fermentable sugars and amino acid in wort. In fact, the heat treatment of malts 

is responsible for a non-enzymatic browning, with consumption of sugars and 

aminoacids, contributing to malt color. Malts are not all equal and their chemical 

composition largely depends on the time and temperatures of the process (kilning and 

roasting). For example, melano malt used in this work is a specialty malt produced from 

two-row spring barley with normal to slightly higher protein content. Steeping and 

germination: usual to slightly higher proteolytical and cytolytical modification. At the end 

of germination, a CO2 accumulation is developed at higher temperatures to trigger a 

formation of sugars and proteins.  Melano malt is obtained using a typical kilning 

program for dark malt with maximum temperatures of 90-105°C, leading to the 

formation of dextrines and MLD. 
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Table 2.1 - Specialty malts and main characteristics (adapted from Brissart et al. [8] and Guido et al. [9]) 

Malt type 
Color range 

(EBC units) 

Moisture 

(%) 

Flavor 

Descriptive Chemistry 

Roasted barley 

product 
1440-1800 < 3.5 Astringent, burnt, smoky 

Maillard, heterocyclics, 

pyrazines 

Pale malt 

products 
    

Amber malt 48-96 < 3.5 Dry, baked, nutty, biscuit Maillard 

Chocolate malt 1200-1440 < 3.0 Mocha, treacle, chocolate Heterocyclics 

Black malt 1440-1680 < 3.0 Smoky, coffee 
Pyrroles 

Pyrazines 

Green malt 

products 
    

Cara malt 25-40 <7.5 Sweet, caramel, nutty, toffee Maillard 

Crystal malt 90-360 ~ 3.5 Malty, caramel, toffee 
Furan 

Pyran 

Dark crystal malt 120-150 < 3.5 Burnt coffee, caramel  

Caramel malt 260-320 < 3.5 Burnt coffee, caramel  

Colored kilned 

malts 
    

Munich malt 10-15 ~ 3.8 Grainy, malty (marked)  

Vienna malt 7-10 ~ 4.5 Grainy, malty (subtle)  

 

2.2.  Modifications through malting and roasting 

Malt not only contributes to beer color and organoleptic characteristics but also to 

its oxidative stability, maintaining physical and chemical stability of beer due to its 

content in antioxidants [10]. In fact, a correlation between oxidative stability of wort and 

corresponding beers was found by electron spin resonance (ESR), indicating that malt 

antioxidants largely contribute to the oxidative stability of beer [11]. Around 80 % of the 

phenolic compounds identified in beer derive from malt, while the remaining 20 % 

come from hops [4, 12]. Moreover, the contribution of malt to the antioxidant capacity of 
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beer was estimated at about 95 % in dark and about 86 % in pale beers [13], while 

hopping did not significantly affect the phenolic content or the antioxidant activity of 

beer [14]. Accordingly, malt can be described as the principal source of antioxidants in 

beer. 

However, barley and green malt can experience different chemical alterations 

during thermal treatment with a great impact on the composition of individual 

components. Kilning and roasting lead to changes in the phenolic content and 

enzymatic activity, and induce a non-enzymatic browning with a significant impact on 

the overall antioxidant properties of malt.  

 

2.2.1. Phenolic compounds 

As summarized in the Fig. 2.6, different phenolic compounds have been identified 

in barley and malt including flavan-3-ols, proanthocyanidin oligomers, hydroxycinnamic 

acid derivatives and low amounts of flavonols. They can be found as free, soluble 

esters and glycosides, as well as insoluble-bound forms, whereas the bound form 

exhibited the main contribution to the total phenolic content comparing to free and 

esterified fractions [15]. The majority of free phenolics identified in barley and malt were 

flavan-3-ols whereas the bound phenolics mainly include phenolic acids.  Catechin and 

ferulic acid have been largely described as the most abundant phenolics identified in 

free and bound fractions [15-20].  

Malting is responsible for a large decrease of the levels of catechin, prodelphinidin 

B3, procyanidin B3 and ferulic acid from barley [14, 15, 17, 21, 22]. However, ferulic 

acid showed a better ability to withstand the malting process and was reported as the 

most abundant phenolic compound in malt [14, 15, 22, 23]. Besides, a decrease of 

bound phenolics and an increase of soluble esterified fraction was observed during 

malting [15]. These changes were attributed to the enzymatic release of bound 

phenolic compounds of barley as well as to the glycosylation reactions during malting, 

leading to higher levels of free phenolic acids and easier extractability due to changes 

in the matrix in the early kilning [15, 22, 24, 25].  
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Fig. 2.6 - Structure of some of the compounds found in barley and malt:: A – Gallic acid; B – protocatechuic acid; C – p-

hydroxybenzoic acid; D – caffeic acid; E –syring acid; F –ferulic acid; G –vanillic acid; H – p-coumaric acid; I – 

umbelliferone; J – scopoletin; K – sinapinic acid; L – p-hydroxyphenylacetic acid; M – esculin; N – chlorogenic acid; O – 

quercetin; P – catechin; Q – epicatechin; R – prodelphinidin B3; S – procyanidin B3; T – rutin. 

 

The thermal processing steps also induce important changes in the individual 

phenolic content of malt. For instance, phenolic compounds may become partially 

degraded (e.g. phenolic acids) or become part of polymers (e.g. proanthocyanidins). In 

fact, hot kilning regimens were responsible for a significant decrease of the levels of 

ferulic acid [24]. This can also be attributed to the formation of MLD during kilning, 
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mainly present in dark malts, which can trap polyphenols within its structure lowering 

the content of these phenolic compounds [26]. Also, the thermal degradation of the 

enzyme ferulic acid esterase and related enzymes, which are responsible to the 

release of bound phenolics from cell walls, may promote an overall decrease of 

phenolic acids with increasing the kilning temperature [24].  

 

2.2.2. Maillard reaction products 

Thermal treatment of malt may result in a non-enzymatic browning also known as 

Maillard reaction [27-30]. As illustrated in Fig. 2.7, Maillard reaction products (MRPs) 

can result from the reaction between reducing sugars with amino acids and amino 

groups of peptides or proteins, involving a cascade of consecutive and parallel 

reactions, resulting in a complex mixture of compounds [31, 32]. 

Formation of MRPs largely depends on time and temperature applied during kilning 

and roasting. It has been shown that conditions of intermediate moisture content and 

moderate temperatures favored aqueous-phase Maillard reactions while low moisture 

content (less than 2 %) and high temperatures (200 ºC) led to extensive pyrolysis 

reactions and generation of compounds as maltol and methylpyrazine [30]. Color 

development was faster using intensive roasting comparing to mild roasting, whereas 

long and intensive roasting (using temperatures around 160-170 ºC) led to a fast 

development of high molecular weight (HMW) brown-colored compounds [29]. The 

formation of HMW compounds occurs during the final stages of the Maillard reaction by 

polymerization of highly reactive intermediates (Fig. 2.7) [29, 32, 33].  

Malt roasting induces the polymerization of early formed low molecular weight 

compounds (LMW) (< 10 kDa) into HMW brown compounds (> 300 kDa), reason why 

the content of LMW in roasted malts is lower than in pale malts [27, 34]. Thus, pale and 

caramel malts are characterized by light brown LMW colorants while roasted malts are 

characterized by intense brown HMW [16, 34, 35]. HMW compounds isolated from 

roasted malts have been characterized by molecular weights higher than 60 kDa [35], 

100 kDa [27] and 300 kDa [16, 34]. Recently, a water soluble HMW-derived radical (106 

– 108 g/mol) was detected by ESR spectroscopy in dark malt [36].  
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Fig. 2.7 - Formation of HMW advanced MRPs, during Maillard reaction (according to Wang et al. and Echavarría et al. 

[32, 37]). 
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HMW brown compounds formed in the late stages of the Maillard reaction are often 

referred as MLD. MLD can be defined as polymeric nitrogenous compounds of HMW 

with high reducing potential and an intense brown color, responsible for the brown color 

development in roasted malts [31, 37]. However, it has also been reported the 

occurrence of sugar-sugar caramelization, involving aldolization/dehydration products 

of sugars,  which may or may not be attached to proteins or other sources of amino 

nitrogen  [38]. Cammerer et al. [33] have found that intact carbohydrate structure can 

take part of the MLD skeleton in model systems obtained in water-free reaction 

conditions, similar to roasting process. It seems that Maillard reaction under water-free 

conditions can induce the incorporation of a significant amount of di- and oligomer 

carbohydrates into the MLD skeleton, as complete oligomer with intact glycosidic bond 

and consequent side chains formation [33]. 

Aldol condensations of α-dicarbonyl compounds, in addition to the 

transglycosylation reactions of saccharides in water-free conditions can lead to the 

formation of MLD with a carbohydrate-based skeleton (Fig. 2.8 A) [32, 33]. Aminoacids 

may well react with the unsaturated carbonyl structure to form MLD with amino 

compounds (Fig. 2.8 B). The sudden formation of HMW MLD also coincides with the 

abrupt decrease of the level of vicinal diketones and aldehydes, indicating a possible 

involvement of these compounds in the polymerization reactions and formation of 

advanced HMW MLD [29]. Additionally, phenolic compounds, ascorbic acid and other 

carbonyl compounds may also take part of the Maillard reaction itself, reason why its 

content can decrease during heat treatments [38]. 

 

 

Fig. 2.8 - Proposed carbohydrate-based MLD structure (adapted from Wang et al. [32]). 

 



FCUP 

Malting: when barley becomes malt 

51 

 

2.3. Antioxidant potential of malt 

The sensory properties and quality of beer are altered during storage and aging, as 

a result of various chemical, physical and sensorial transformations [10, 39]. Oxygen 

plays an important role in aging reactions causing a rapid deterioration of beer flavor 

[10]. Oxygen reacts with ferrous ion (Fe2+), through the Fenton and the Haber-Weiss 

reactions, leading to the production of reactive oxygen species (ROS), such as 

hydroxyl radicals (Fig. 2.9). Radicals can react with ethanol, the second most abundant 

component in beer, leading to the formation of off-flavors and beer deterioration [10, 

40, 41]. Generally, ROS (e.g. O2
-, HOO , H2O2  and HO●) react with organic molecules 

in beer, such as polyphenols, isohumulones and alcohols, resulting in various changes 

in the sensory profile of beer [10]. 

 

 

Fig. 2.9 - Proposed revised mechanism for the reduction of oxygen to water in an alcoholic beverage (adapted from 

Danilewicz et al. [42]). 

 

Malt antioxidants play an important role in the preservation of the oxidative stability 

of beer but are also important to the consumer’s health, namely on the prevention and 

neutralization of ROS associated with numerous diseases: cancer, cardiovascular and 

neuronal diseases [43]. According to the data presented in the Table 2.2, antioxidant 

compounds identified in barley and malt are mainly polyphenols, such as catechin and 

ferulic acid, as well as other compounds generated during malting and roasting, such 

as MRPs.  
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Table 2.2 - Antioxidant vs. pro-oxidant potential of barley and malt 

 Sample Process Extract Antioxidant assay Overall antioxidant properties Main contributors References 

Barley 

Germination 80 % methanol DPPH scavenging activity Increased antioxidant activity Phenolic compounds [44] 

- 80 % acetone 
ABTS and DPPH scavenging activities 

Reducing power 
Antioxidant activity Phenolic compounds [45, 46] 

- 80 % methanol 
DPPH, superoxide and hydroxyl scavenging activity 

Oxygen radical absorbance capacity 
Inhibition of lipid peroxidation 

Antioxidant activity Phenolic compounds [19, 47] 

Barley and 
malt 

Malting 

Ethyl acetate ABTS scavenging activity Decreased antioxidant activity Phenolic compounds [14] 

Wort 
Ferric reducing power 

ABTS scavenging activity 
Increased antioxidant activity Phenolic compounds [23] 

70 % methanol 
Ferric reducing power 

ABTS scavenging activity 
Increased antioxidant activity Phenolic compounds [15] 

80 % acetone 
ABTS and DPPH scavenging activities 

Reducing power 
Metal chelating activity 

Increased antioxidant activity Phenolic compounds [17] 

Ethyl acetate 
DPPH scavenging activity 

Linoleic acid  β-carotene assay 
Increased antioxidant activity 

Phenolic compounds 
Carotenoids and tocopherols 

[21] 

Ethyl acetate 
ABTS scavenging activity 

Ferric reducing power 

Increased antioxidant activity Phenolic compounds [25] 

Increased antioxidant activity MRPs [24] 

Acetate buffer 
ABTS scavenging activity 

Ferric reducing power 
Pro-oxidant activity 

Increased antioxidant activity 
Pro-oxidant behavior 

MRPs [48] 

Acetate buffer ABTS scavenging activity Increased antioxidant activity 
Phenolic compounds 

MRPs 
[49] 

Ethyl acetate 
Acetate buffer 

ABTS scavenging activity 
ORAC assay 

Increased antioxidant activity 
Phenolic compounds 

MRPs 
[22] 

Roasting 

Ethyl acetate 
Acetate buffer 

ABTS scavenging activity 
ORAC assay 

Increased antioxidant activity MRPs 

80 % methanol 
DPPH scavenging activity 

Reducing power 
Metal chelating activity 

Increased antioxidant activity Possible MRPs [50] 

Malt 
 

Roasting 
 

Wort 
DPPH radical scavenging activity 

Ferric reducing power 
Increased antioxidant activity and  reducing power MRPs [16] 

Wort 
DPPH scavenging activity 

Fe-dipyridyl assay 
Increased reducing capacity 

HMW MLD 
(> 70 kDa) 

[29] 

Wort Reducing power assays Increased reducing capacity MRPs [51] 

Wort Radical intensity measured by ESR spectroscopy 
Increased radical formation 

Increased lipid oxidation 
Possible MRPs [52] 

Wort Radical intensity measured by ESR spectroscopy Increased radical intensity MRPs [53] 

Wort 
Ferric reducing power 
Metmyoglobin assay 
Deoxyribose assay 

Increased reducing power and scavenging properties 
Decreased antioxidant capacity in a Fenton system 

HMW MLD 
(> 300 kDa) 

[34] 

Wort 
DPPH scavenging activity 

Linoleic acid  β-carotene assay 
Increased antioxidant activity 

HMW MRPs 
(> 300 kDa) 

[54] 

 

Wort ABTS scavenging activity Antioxidant activity Phenolic compounds [55] 

80 % acetone 
Hydroxyl and superoxide radicals scavenging activity 

Ferric reducing power 
Protection against ROS induced lipid, protein and DNA damage 

High in vitro and in vivo antioxidant activities Phenolic compounds [56] 

Wort 
DPPH scavenging capacity 

Radical intensity measured by ESR spectroscopy 
High reductive power and radical formation induction MRPs [57] 

Methanol 
Electrochemical capacity 
DPPH scavenging assay 

High reducing capacity MRPs [13] 



FCUP 

Malting: when barley becomes malt 

53 

 

 

The antioxidant properties of malt and beer are usually associated to phenolic 

compounds [58]. In fact, phenolic acids have been reported as strong antioxidants due 

to their ability to donate hydrogen and electrons, and also due to the formation of stable 

radical intermediates which prevents oxidation of other compounds [26, 59]. Still, 

compounds with flavonoid structure generally have shown higher antioxidant activity 

than non-flavonoid compounds [60], mainly determined by their hydroxyl groups [56, 

61]. However, described phenolic compounds in malt account for only a part of the 

overall antioxidant capacity [55]. It was reported that the antioxidant capacity of malt 

can increase during kilning and roasting, not only because modification or release of 

phenolic compounds but also due to the development of reductones and MRPs through 

the Maillard reaction [10, 22, 24, 48, 62]. Herein, MRPs have been identified as the 

major contributors to the antioxidant activity of roasted malts [22, 29, 51], with a 

positive influence in the maintenance and development of malt reducing properties 

[13]. 

 

2.3.1. Phenolic compounds 

Antioxidant capacity and reducing power of barley extracts were found to be 

positively correlated with beer phenolic content [19, 45, 46, 63]. Pearled barley 

fractions with higher levels of phenolic compounds, with reference to vanillic, caffeic, 

coumaric, ferulic and sinapic acids, exhibited higher antioxidant capacity comparing to 

fractions with lower phenolic content [19]. In other works, flavan-3-ols such as (+)-

catechin, prodelphinidin B3 and procyanidin B3 were identified as the most abundant in 

barley and the major contributors to the antioxidant capacity of barley ethyl acetate 

extracts [14, 21]. The majority of barley phenolic compounds were also identified in 

malt (Fig. 2.6), which implies that natural antioxidants present in barley significantly 

contribute to the antioxidant activity of malt [49]. In fact, the antiradical power was 

found to be very similar for malt and barley and well correlated with the polyphenolic 

content, emphasizing the key role of barley endogenous polyphenols [63].  

Malt extracts, obtained with 80 % acetone, exhibited a strong in vitro and in vivo 

antioxidant activities, evidenced by their ability to scavenge hydroxyl and superoxide 

radicals, high reducing power, and protection against biological macromolecular 

oxidative damage [56]. Among the polyphenols with antioxidant activity, catechin, 

caffeic acid, ferulic acid and sinapic acid were reported as the principal contributors to 
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the antioxidant properties of malt [55]. So, the overall antioxidant activity of malt 

extracts largely depends on the phenolic content as well as on individual phenolic 

compounds [55, 56]. As demonstrated, while some phenolic compounds (e.g. catechin) 

exhibited high reducing power and metal chelating activity, others can exhibit high 

radical scavenging activity (e.g. ferulic acid) [17]. 

The malting process is responsible for changes in the phenolic content of barley 

grains with consequences in the overall antioxidant capacity. Barley germination was 

found to be responsible for an increase of the total phenolic content and consequent 

higher antioxidant capacity [44]. Additionally, the enzymatic release of bound phenolics 

during malting also led to an increase of the total phenolic content and antioxidant 

properties [15, 23]. Thermal treatment steps have also a great impact on malt 

antioxidant capacity. Kilning was responsible for an increase of green malt antioxidant 

activity due to a higher polyphenols content [49]. These differences were associated to 

higher levels of ferulic acid in heat treated malts [25], which were considerably higher 

after kilning (12.5-21.9 and 7.8-56.1 µg/g of dry weight for barley and malt, 

respectively). Accordingly, the total polyphenol and phenolic acids levels were higher in 

beers produced using dark malts, as well as their reducing antioxidant capacity [64]. 

Since reducing antioxidant capcity strictly correlates with polyphenols and phenolic 

acids content, the higher levels of ferulic acid and other phenolics in heat treated malts 

may be responsible for higher reducing capacity of dark beers produced from dark 

malts. 

On the other hand, a decrease of the content of phenolic compounds during malting 

has also been reported. In fact, the production of beers using higher malt proportions 

resulted in lower oxidative stability and higher radical generation, related to lower levels 

of polyphenols in malt [65]. This can be associated with lower levels of catechin and 

ferulic acid, responsible for a decrease of the antioxidant capacity during steeping and 

the early stages of germination [17]. Moreover, lower antioxidant activities of malt were 

also associated with a decrease of catechin, prodelphinidin B3 and procyanidin B3 [14].  

A decrease of the phenolic content during malting has been also associated with an 

increase of the antioxidant properties from barley to malt. Lower polyphenols levels (up  

49.6 %) and total flavonoid content (up to 53.2 %) upon malt roasting were correlated 

with higher antioxidant properties [50]. For this reason, it was suggested that other 

compounds might contribute to malt antioxidant capacity. Also, a poor correlation 

between the antioxidant activity and the levels of catechin and ferulic acid was found in 
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malt [26, 48]. According to Goupy et al., barley and malt extracts contained other 

antioxidants such as carotenoids (lutein and zeaxanthin) and tocopherols (α, β and γ)., 

whereas tocopherols were reported as great inhibitors of cooxidation of β-carotene in a 

linoleate model system with strong antioxidant capacity [21]. Antioxidant capacity can 

increase during malting probably not only by the modification or releasing of phenolic 

compounds, but also due to the formation of new antioxidants, such as MRPs. 

 

2.3.2. Maillard reaction products 

MRPs have a huge impact on food industry not only due their color and aroma, but 

also due to their health benefits and antioxidant properties. As recently presented, 

MRPs have exhibited important beneficial effects such as antiradical, antimutagenic, 

antimicrobial, antihypertensive, antiallergenic, antioxidant and cytotoxic properties [32, 

37, 66-68]. 

The evaluation of the antioxidant capacity of different beer samples has revealed 

that their antioxidant capacity assessed by ESR spectroscopy significantly depended 

on the content of malt extract and beer color [69]. These results suggest that colored 

compounds, mainly present in roasted malts, are responsible for an increase of the 

antioxidant capacity of malt and beer (Table 2.2 and Table 2.3). In fact, the higher 

antioxidant activity of malts was mainly attributed to the formation of MRPs upon 

heating, positively correlated with their color and MLD content [49, 51]. 

The antiradical properties of water-soluble components of natural and roasted 

barley were determined in vitro, by means of DPPH (2,2-diphenyl-1-picrylhydrazyl) 

assay and the linoleic acid-beta-carotene system, and ex vivo, in rat liver hepatocyte 

microsomes against lipid peroxidation induced by CCl4. In this particular experiment, it 

was demonstrated the occurrence of weak antioxidant components in natural barley 

capable to react against low reactive peroxyl radicals, but offering little protection 

against stable DPPH radicals deriving from peroxidation in microsomal lipids. 

Conversely, roasted barley yielded strong antioxidant components that are able to 

efficiently scavenge free radicals. Barley grain roasting process induces the formation 

of soluble MRPs with powerful antiradical activity [54].  
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Table 2.3 . Antioxidant vs. pro-oxidant potential of beer

Sample Antioxidant assays Overall antioxidant properties Main contributors References 

Beer 

Copper induced oxidation of human LDL in vitro 
Inhibition of LDL oxidation and reduce oxidative modification 

of LDL in vivo 
MRPs [70] 

DPPH radical intensity measured by ESR 

spectroscopy 
High antioxidant capacity 

Phenolic compounds 

Colored compounds 
[69] 

ABTS scavenging activity 

Ferric reducing power 
High reducing power Phenolic compounds [64] 

N,N-dimethyl-p-phenylenediamine dihydrochloride 

assay 
High antioxidant activity 

Phenolic compounds 

MLD 
[58] 

Deoxyribose assay Antioxidant activity 
MLD 

(> 10 kDa) 
[71] 

Anti-oxidative potential determined by ESR 
Increase reducing power and decrease endogenous anti-

oxidative potential 
MRPs [72] 

Radical intensity measured by ESR spectroscopy Pro-oxidant effect MRPs [73] 

Radical intensity measured by ESR spectroscopy Low oxidative stability  [65] 

Radical intensity measured by ESR spectroscopy 
Strong reducing properties 

Hydroxyl radical generation 
MRPs [74] 



FCUP 

Malting: when barley becomes malt 

57 

 

 

Recently, Sharma and Gujral [50] have shown that the antioxidant activity of barley 

was significantly higher after roasting (16.8 to 108.2 %), as well as reducing power and 

metal chelating activity (up to 77.5 % and 78.9 %, respectively). The differences were 

attributed to the development of MRPs, since heat treated samples exhibited higher 

non-enzymatic browning index (315 to 774 %). In agreement, aqueous pale malt 

extracts exhibited a slightly higher electrochemical reducing capacity comparing to raw 

barley, while roasted malts showed almost 13-fold higher reducing capacity, whereas 

MRPs contributed to 55 % of the total reducing power. In comparison, malt-derived 

phenolics were responsible for around 50 % and 40 % of the reducing power of beers 

produced form pale and dark malt, respectively [13]. 

Malt obtained using hottest kilning regimen possessed higher antioxidant activity 

due to higher levels of MRPs [24] and antioxidant contribution of MRPs was higher for 

malts kilned using a rapid regime [48]. Even though the development of radical 

scavenging and reducing activities coincided with color formation in early 

caramelization phase, higher roasting temperatures did not continuously produce 

MRPs with antioxidant activity [29]. Herein, the existence of at least two types of 

Maillard reaction related antioxidants in malt has been postulated: redox indicator 

reducing antioxidants and radical scavenging antioxidants [51]. In fact, MRPs can 

contribute to the antioxidant capacity of malt due to their metal-chelating properties, 

reducing power and radical-scavenging potential [32, 37, 75]. In accordance, the 

antioxidant properties of kilned and roasted malts have been demonstrate, in several 

cases, as the capacity to quench radicals or to reduce redox indicators [22, 48, 51].  

Coghe et al. have suggested that initial steps of Maillard reaction led to the 

production of antioxidants with quenching properties while redox-reducing antioxidants 

are formed during malt color development and late stages of Maillard reaction [51]. 

Heat-induced advanced HMW MLD have shown 4-fold higher reducing power and 3-

fold higher antioxidant capacity by the metmyoglobin assay comparing to LMW 

compounds. As proved, they can act as antioxidants by scavenging radical species or 

by having reducing properties [34]. However, during mild and intermediate roasting 

only reductive capacity increased while intensive roasting leads also to an increase of 

DPPH radical scavenging capacity. During continuous roasting at high temperatures 

(above 157 ºC) the redox indicator reducing capacity stagnated while scavenging 

properties decreased [29]. 
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Soluble HMW fraction (>10 kDa) isolated from Maillard reaction model systems and 

beer by ultrafiltration are able to scavenge hydroxyl radicals but no correlation between 

browning and efficiency for scavenging was found meaning that chromophore residues 

linked to MLD are not responsible for the observed effect [71]. Moreover, MLD isolated 

from beer displayed the same properties of model MLD obtained from the combination 

of sugar (glucose or lactose) with amino acids [71]. However, it has been shown that 

chromophores linked to the beer MLD skeleton largely contribute to their peroxyl 

radical scavenging properties [76]. Malts roasted above 150 ºC contain lower 

antiradicalar activity than malts of the same color roasted at lower temperatures for a 

longer period [29]. This indicates that structural groups responsible for the antiradicalar 

properties are involved in the advanced stages of non-enzymatic browning reactions 

that occur at high temperatures. So, according to Coghe et al., the maximum 

antiradicalar activity appears to be more related to a specific end-temperature than to a 

specific malt color [29]. 

The higher reducing power observed for roasted malts could also occur from the 

reaction between phenolic compounds and MRPs [22, 77]. In coffee, the levels of 

quinic and caffeic acids correlated with MLD levels and increased ionic charge of MLD 

populatons, indicating that they are incorporated in MLD not via its carboxyl group [77] . 

Samaras et al. have also found that ferulic acid could react with Maillard reaction 

intermediates, formed from glucose and proline (the most abundant free amino acid in 

malt samples) at kilning temperatures, leading to higher antioxidant activity [22]. 

However, LMW compounds bounded to MDL have exhibited higher antioxidant activity 

than pure MLD to which they are linked. Nevertheless,  no correlation between color 

and antioxidant activity was found, except for ABTS (2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid)) assay, supporting the idea that MLD 

chromophores are not responsible for these actions [66]. 

 

2.3.3. Antioxidant enzymes 

Some enzymes contained in barley or synthesised during germination could have 

antioxidant activity. Superoxide dismutase (SOD, EC 1.15.1.1) catalyses the 

dismutation of superoxide radical to hydrogen peroxide which is decomposed into H2O 

and oxygen by means of catalase (CAT, EC 1.11.1.6). By their combined action, both 

enzymes promote the maintenance of oxygen in the ground state which is much less 



FCUP 

Malting: when barley becomes malt 

59 

 

reactive than superoxide and hydroperoxide. These enzymes are present in barley, 

and their activities increase not only during germination but also survive pale kilning 

regimes, being destroyed at mashing temperatures above 65 ºC [78]. Peroxidase 

(POD, EC 1.11.1.7) is able to protect medium against oxidation by removing hydrogen 

peroxide. In this context it constitutes an endogenous primary antioxidant, but malt 

POD is also capable to oxidise endogenous barley phenolic compounds, such as 

ferulic acid, (+)-catechin and (-)-epicatechin [79]. Residual enzyme activities on malt 

will both depend on the barley cultivar and the malting process. 

Natural antioxidant compounds in malt may play a significant role in malting and 

brewing as inhibitors of oxidative processes. They can inhibit lipoxygenase action 

during malting and mashing, and decrease the autoxidation reaction during the brewing 

process and beer storage. Enzyme antioxidants can only act during malting and at the 

beginning of mashing. Phenolic compounds and MRPs, in contrast, are active 

throughout the process and even after beer storage. 

 

2.4. Pro-oxidant potential of malt 

2.4.1. Phenolic compounds 

Pro-oxidant activity of the malt extracts may also be attributed to flavonoids, 

procyanidins and certain MRPs [48, 80]. In fact, it was reported that phenolic 

compounds can act as antioxidants but also as pro-oxidants due to autoxidation [81], 

leading to the formation of ROS in the presence of oxygen and transition metals [82]. 

Many phenolic compounds function as antioxidants only at high concentrations, 

whereas at lower levels they may exert pro-oxidant effects as shown in tea extracts 

[81] and berry extracts [61]. In accordance, it was described that dietary polyphenols 

can act as pro-oxidants and enhance ROS production depending on the concentration 

[83].  

 

2.4.2. Maillard reaction products 

Malt kilning has been associated with a pro-oxidant behavior, mainly using a rapid 

kilning regimen, whereas MLD have been reported to exert both antioxidant and pro-
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oxidant activity [34, 48]. In fact some studies suggest that MRPs exhibit antioxidant 

properties with a positive influence on the oxidative stability of wort due to its reducing 

properties [29, 51], while other studies suggest a negative influence of these 

compounds on malt and beer stability [11, 53, 57, 73, 74] (Table 2.2 and Table 2.3). 

The temperature applied during kilning had a direct influence on the generation of 

stable organic radicals in malt. Dark malts kilned at high temperatures were 

responsible for higher concentrations of radicals in wort and beer, conducting to lower 

oxidative stability of dark beers compared to pale beers  [11]. These results indicate 

that there is a direct link between organic radicals generated by the kilning temperature 

during the malting process, the MRPs content and the oxidative stability of the resultant 

beer [11]. The influence of MRPs on the oxidative stability of beer was also evaluated 

mixing lager beer with dark beer. Dark beer induced a pro-oxidative effect, determined 

by ESR spectroscopy using spin trapping, reducing the oxidative stability of lager beer 

leading to shorter lag phases for radical formation and increased rates of oxidative 

reactions [73]. In accordance, roasted malt was much more unstable than pilsner malt 

and exhibited higher radical intensity by ESR with a negative effect on the oxidative 

stability of wort and beer caused by increased radical formation [52]. Dark worts were 

found to be less stable with high radical intensities and high iron content, contrary to 

light worts that were less reactive toward oxidation with low radical intensity and low 

iron content. Authors also suggest that MRPs formed during malt roasting are pro-

oxidant in sweet wort due to the formation of radicals in a Fenton mechanism in the 

presence of iron or copper cations [53]. Malt roasting, radical intensity and iron content 

are closely linked, whereas compounds formed during Maillard reaction can induce the 

formation of radicals by the Fenton reaction [53]. In agreement, Nøddekær et al. have 

described that roasted malts are able to induce radical formation by metal-catalyzed 

oxidation reactions and not by direct reaction with other antioxidants present in beer 

[73]. 

Recent studies demonstrated a positive correlation between MRPs content and 

higher reducing power of roasted malts, as well as higher levels of radicals measured 

by ESR spectroscopy.  Specialty malt leads to a decrease of endogenous anti-

oxidative potential of beer, related to an increase of the reducing power and the 

structure of MRPs [72]. However, MRPs rapidly reduce oxidized metallic ions, such as 

Fe3+ to Fe2+, responsible for the acceleration of oxygen activation and intensification of 

the Fenton-Haber-Weiss reaction system. Consequently, an acceleration of oxidative 

processes and a stronger radical generation of very reactive radicals was observed 
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[74]. Wunderlich et al. have also shown that the development of radical formation and 

reducing power are linked during roasting [57]. More recently, it was also demonstrated 

that MLD can induce a pro-oxidant effect in a Fenton system, leading to a decrease of 

the oxidative stability of worts, due to the catalytic formation of hydroxyl radicals in the 

presence of ferric ions in a Fenton reactions based system [34].  

Actually, transition metals have a significant effect on oxidative stability of malt and 

beer since they can act as catalysts in radical generation and oxidation reactions. Wort 

samples collected during the early stages of the mashing process gave higher rates of 

spin adduct formation than wort samples collected during the later stages. The addition 

of Fe(II) to the wort samples increased the rate of spin adduct formation determined by 

ESR [84]. However, authors also stated that this effect cannot involve iron catalyzed 

formation of radicals since stout beer led to a reduction on the level of radicals. The 

decreased lag phase for radical formation and reduction of the oxidative stability of 

beer after the addition of MRPs can be caused by reactions that are able to induce the 

formation of radicals by mean other than iron-catalyzed reactions. Other study 

suggested a mechanism of auto-oxidation of MRPs. MLD are able to quench hydroxyl 

radicals but are not able to reduce Fe3+, proving no effect in the reducing on iron in a 

Fenton type reactions [71]. The pro-oxidative effect of MRPs probably involves other 

mechanism than the Fenton-catalysis since stout beer was able to decrease the levels 

of radicals and the lag phase for formation of radicals in a beer model system based in 

a Fenton chemistry and measured by spin trapping and ESR spectroscopy, but not as 

much as lager [73]. It was also proposed that since polymerization process can involve 

different groups with radicals scavenging properties, it can also lead to a decrease in 

the overall radical-scavenging capacity due to the involvement of antiradicalar 

compounds in the formation of MLD [29]. 

 

2.4.3. Pro-oxidant enzymes 

Pro-oxidant malt compounds are mainly the enzymes involved in the degradation of 

lipids: lipase (EC 3.1.1.3), lipoxygenase (LOX, EC 1.13.11.12), and hydroperoxide-

reactive enzyme system. Oxidation of malt phenolic compounds by the catalytic action 

of polyphenol oxidase (PPO, EC 1.14.18.1) also occurs during the malting process. All 

these enzymes are found in most cereals, including barley [85], but they may also be 

synthesised by microflora developing during malting.  
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Pro-oxidant enzymes are mainly involved in lipid degradation. Lipase is the first 

enzyme acting on the ester bond between fatty acid and glycerol of triglycerides and 

diglycerides, releasing free fatty acid from lipids. Lipoxygenase catalyses the oxidation 

of polyunsaturated free fatty acids, such as linoleic acid (C18:2), forming hydroperoxides. 

Lipoxygenase could also be involved in the creation of oxidative cross-linking between 

thiol-rich proteins via reactions, resulting in macromolecular reticulations, possibly 

altering filterability performance of wort and beer [79]. The primary oxidation products 

of lipoxygenase activity, hydroperoxides, are decomposed to off-flavor compounds by 

hydroperoxide reactive enzyme systems, namely hydroperoxide lyase and 

hydroperoxide isomerase (EC 4.2.1.92) [86]. Polyphenol oxidase is able to catalyse the 

oxidation of polyphenol compounds with oxygen in very reactive quinonic compounds 

(Fig. 2.10). In the oxidised state, they can cross-link and polymerise with protein or cell-

wall polysaccharides, influencing directly the formation of non-biological haze in wort 

and beer. Polyphenol oxidase is the main responsible of the enzymatic browning in fruit 

and vegetables. Enzymatic or chemical oxidation of polyphenols is generally 

responsible for a loss in their antioxidant capacity; however, recent observations 

suggest that partially oxidised polyphenols can exhibit higher antioxidant activity than 

non-oxidised phenols [87].  

 

 

Fig. 2.10 - The action of polyphenol oxidase (PPO). 

 

Fig. 2.11 illustrates some possible routes of the pro- and antioxidant enzymatic 

activity in the malting and brewing process proposed by [79].  By their sequential 

action, these enzymes can mostly act during the malting and mashing process. 

Enzymatic activity is destroyed during the kilning and mashing steps, except for POD, 

which is a very heat stable enzyme. However, POD, which can oxidise phenolic 

compounds, seems to have a limited action in the finished product due to the extremely 

low hydrogen peroxide levels. Phenolic compounds and MRPs, in contrast, may play a 

significant role throughout the entire process and even after storage of beer. 
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Fig. 2.11 - Implication of pro- and antioxidant enzymes in the malting and brewing processes (adapted from Boivin  et al. 

[79]). 

 

2.5. Influence of extraction solvents and antioxidant methods 

Antioxidant action becomes more complex in real foods and biological systems 

where a variety of mechanisms become effective, including free radical chain breaking, 

oxygen scavenging, singlet oxygen quenching, metal chelation, and inhibition of 

oxidative enzymes. Particular problems arise from the use of rapid one-dimensional 

methods to evaluate natural antioxidants, which are generally multifunctional. For this 

reason, there cannot be a short-cut approach to determine antioxidant activity/capacity 

and different methods for assessing the antioxidant activity/capacity have been 

published and applied in the study of antioxidants in different samples.  

The extraction solvent used in the extraction of antioxidants also plays an important 

role in the evaluation of the antioxidant activity/capacity. Some solvents are not 

compatible with some antioxidant assays and have different extraction selectivity [45]. 

As demonstrated, barley and malt antioxidants are complex and their antioxidant 

activities and mechanisms are very dependent on the composition and conditions of 

the test system.  
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2.5.1. Extraction solvents 

The different phenolic composition and antioxidant properties of malt extracts 

described in the literature may in part be explained by the different solvents used for 

the extraction. As reported, the highest extraction capacity for (+)-catechin and ferulic, 

caffeic, vanillic, and p-coumaric acids was achieved with 80 % acetone.  Epicatechin 

and syringic acid were better extracted with 80 % methanol, while protocatechuic and 

gallic acids present higher solubility in water [45]. As shown, the highest DPPH and 

ABTS radical scavenging activities and reducing power were found in 80 % acetone 

extracts, whereas the strongest hydroxyl and superoxide radical scavenging activity, 

and metal chelating activity were found in 80 % ethanol, 80 % methanol, and water 

extracts, respectively. In other works the highest content of total phenolics and 

proanthocyanidins were obtained from extraction with 70 % acetone. For three different 

solvent extracts, the antioxidant activities were higher for 70 % acetone extract than for 

70 % ethanol extract and 70 % methanol extract, determined using a linoleic acid 

system [88]. Moreover, extraction using aqueous methanolic solutions does not 

consider the contribution of bound phenolics but instead encompass free and water 

soluble esterified fractions which could induce differences in the total phenolic and 

antioxidant activities [15]. In fact, the contribution of phenolics to the total phenolic 

content was significantly higher than that of free and esterified fraction in malt and 

wheat, whereas the bound fraction demonstrated a significantly higher antioxidant 

capacity than the free and esterified phenolics [15, 89]. Thus, bound phenolic 

compounds should be considered in the evaluation of the antioxidant activity of grains 

and cereals and extraction solvents should be selected according to the hydrophobicity 

of compounds in study. The influence of the enzymatic activity, in particular feruloyl 

esterase, on the yields of free phenolic acids during the extraction with water may also 

be considered.  

 

2.5.2. Antioxidant methods 

The antioxidant capacity of malt has been investigated using different methods for 

evaluating the antioxidant activity/capacity.  DPPH radical scavenging activity, ABTS 

radical scavenging activity, superoxide anion radical, hydroxyl radical scavenging 

activity, metal chelating activity and ESR spectroscopy have been used to evaluate 

antioxidant activity of malt, barley and beer (Table 2.2 and Table 2.3). 
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Antioxidant activity of barley extracts using different assays has shown a positive 

correlation between polyphenol content, reducing power, DPPH and ABTS scavenging 

activities, but all were negatively correlated with metal chelating activity [45]. The 

authors suggest that DPPH and ABTS assays or reducing power could be used to 

assess antioxidant capacity of barley but can be affected by the solvent used in the 

extraction, as previously discussed. Flavonoids (myricetin, quercetin, apigenin and 

chrysin, kaempferol, morin, taxifolin) showed either antioxidant or pro-oxidant activities 

depending on the concentration of iron and other metal catalysts used in a linolenic 

acid-containing hepatocyte test system [90]. 

For this reason, Frankel and Meyer [91] have pointed the need to use more than 

one type of method to evaluate the antioxidant activity/capacity of samples. In fact, the 

activity of antioxidants largely depends on system composition and localization of 

antioxidants in the different phases. Moreover, the contradictions may result from 

different mechanisms involved in the methods applied. While some assays are based 

on hydrogen atom transference reactions (oxygen radical absorbance capacity, 

inhibition of linoleic acid and low density lipoprotein oxidation), others are based on 

electron transfer (ferric reducing antioxidant power assay, DPPH and ABTS). Thus, 

antioxidant activity determination should be held under various condition of oxidation in 

order to assess different oxidation mechanisms and products [91]. For example, 

antiradical capacity assessed by the DPPH scavenging assay is more specific for 

polyphenols than reducing power, which can  be affected by the Maillard reducing 

products formed during malting [15]. 

Recent methods are based on ESR experiments that consist in a complete sample 

system providing information about the competition between anti and pro-oxidants, 

contrary to antioxidant assay based in a simple model system. The antioxidant assays 

are used to measure the scavenging activity using a semi-stable radical that has high 

reactivity toward many types of compounds [53]. Accordingly, several studies regarding 

the radical scavenging activity established by colorimetric assays result in antioxidant 

activity since the pro-oxidant activity is neglected. 
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3.  XN in hops and beer 

The consumption of beer and other alcoholic beverages can be harmful to human 

health due to injurious effect of alcohol. However, the consumption of beer is also 

associated with the prevention of some diseases such as diabetes, osteoporosis, 

atherosclerosis and cancer [92, 93]. In fact, beer contains components with a positive 

impact in human health such as antioxidants, minerals and vitamins. In recent years 

several studies have focused on polyphenols, due to its antioxidant properties. Hop is 

an important source of polyphenols, contributing to around 20-30 % of beer 

polyphenols [4, 94]. 

Hop contains a wide range of compounds with medical, pharmaceutical and 

biological activities. Xanthohumol (XN) is a bioflavonoid whose positive effects have 

been confirmed both in vitro and in vivo [95]. XN was first identified by Verzele in 1957 

[96], and has received a special attention during the last decade due to its significant 

bioactivities [92, 93, 97-99].  In fact, the number of publications with the topic XN is 

increasing over the years, namely studies about the bioactivity of XN regarding: 

antioxidant activity, cancer chemoprevention, inhibition of tumors and angiogenesis, 

effects on glucose and lipid metabolism (Fig. 3.1). 

 

 

Fig. 3.1 – XN related publications over time (source: gopubmed.org). 
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According to Srecec et al., the biological activity of XN may also be a strong 

argument to restructure of the hop industry, primarily oriented towards pharmaceutical 

industry [95]. The use of nutraceuticals based on hop or functional foods, such as beer 

enriched with XN, may be a new possibility for chemoprevention and even some 

medical treatments and an important argument for the sustainability of hop sector, 

facing a crisis due to a permanent decrease of hop dosing rates (around 40 % since 

1992 until 2009), in spite of an increase of world beer production (almost 60 % since 

1992 until 2009) [95]. 

 

3.1. Hop plant and XN 

Hop (Humulus lupulus L. - Fig. 3.2 A) is dioecious plant of the Cannabacea family 

and is largely used in beer production.  The female inflorescences of hops (hop cones) 

contain important compounds for brewing concentrated in lupulin glands (Fig. 3.2 B), 

which contain hop resins, bitter acids, essential oils and prenylated flavonoids. Other 

polyphenols are also present in the green part of hop cones.  

A 

 

B 

 

Fig. 3.2 – Hop plant (A); lupulin glands (B). 

Hops are almost exclusively used in 

beer production, contributing to the 

microbiological stability of beer, foam 

stabilization and imparting its aroma and 

taste [4, 94]. Hops are used in the 

brewing industry as directly pressed and 

dried hops cones and pellets, ethanolic 

and CO2 extracts. They are used for 

bittering of beer by hop resin 

isomerization products, and flavoring by 

hop essential oils [98, 100]. The taste and 

aroma of beer vary according to the 

choice of raw materials. 

 

Beer aroma and taste are the result of a complex sensory impression resulting from 

many important secondary metabolites present in hops, such as different volatile 

compounds, α and β-acids and polyphenolic compounds, which are essential for beer 
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characteristic and exhibit interesting bioactive properties, as the prenylated chalcone 

XN [92, 94, 101, 102]. 

Although only 20 % of beer polyphenols come from hops, much of the current 

research on bioactives focuses on hop-derived compounds. Hops are the only source 

of prenylflavonoids in beer and are responsible for an increase of polyphenols in wort 

and beer that contribute to physical stability and flavor [92, 103]. They are secreted 

along with bitter acids and essential oils by the lupulin glands on the inflorescences 

[101]. Hop polyphenols are mainly higher molecular compounds and only about 20 % 

consist of low molecular substances such as catechin, proanthocyanidins, phenolic 

acids and flavanols, which are found in the form of glycosides. The most prenylated 

chalcone in hops is XN ((E)-1-[2,4-Dihydroxy-6-methoxy-3-(3-methylbut-2-enyl)phenyl]-

3-(4-hydroxyphenyl)prop-2-en-1-one, Fig. 3.3). XN is present in hop plants in a content 

of 0.1-1 % (dry weight) and it is mainly secreted as part of the hop resins together with 

other chalcones [94, 99, 104]. This compound has been found to have a range of 

interesting biological properties and has proven positive effects on human health. 

 XN is a prenylflavonoid belonging to the subgroup of chalcones (Fig. 3.3). 

Flavonoids are natural pigments resultant from the secondary metabolism of plants and 

are characterized by a structure formed by two aromatic rings (A and B) and a pyran 

ring [105]. In particular, prenylated flavonoids are characterized by the presence of 

prenyl chains, exhibiting non-polar characteristics [99]. In turn, chalcones are a family 

of flavonoids without the pyran ring and a fundamental core of 1,3-diphenylpropane 

with an olefinic bond, from a hydroxyl group (Fig. 3.3). Chalcones are precursors in the 

biosynthetic pathway of flavonoids and are characterized by a strong yellow 

pigmentation. They have been identified in plants and have a significant role in ecologic 

systems since they promote polonization by attracting insects due to the development 

of color in plants [106-108]. 

 

 

Fig. 3.3 – Chemical structure of XN. 
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3.2. Health benefits and bioavailability of XN  

Hop has been largely studied due to the biological activities of single components, 

specially XN. This phenolic compound has received considerable attention in recent 

years, since it has shown interesting biological properties with potential for diseases 

prevention and therapeutic applications, including anti-inflammatory and antioxidant 

properties, as well as antiangiogenic and anti-proliferative effects [92, 93, 97-99]. As 

indicated by epidemiological studies, the consumption of XN and other polyphenols is 

associated with a low risk for the development and progression of several pathological 

conditions, namely cardiovascular disease, cancer, diabetes, hypertension with high 

prevalence worldwide [92, 97, 99]. 

Based on the health-promoting properties of XN, the production of an enriched beer 

would be of huge interest to the brewing industry. In this section, some important health 

benefits of XN are presented to highlight the importance of the XN-enrichment of beer. 

 

3.2.1. Antiprolifetive/anticarcinogenic activity 

The potential use of XN and XN-derived products might be effective in the 

prevention and treatment of several types of cancer.  In fact, XN has been described to 

act through a broad range of chemopreventive mechanisms in a wide variety of 

cancers both in vitro and in vivo, in a dose-dependent manner. XN was referred to 

affect cell proliferation in breast [109-111], colon [112-114], brain [115], ovarian [116], 

leukemia [117-119], hepatic [120] and prostate [121-123] cancer cell, with no 

deleterious effects on major organ functions after oral administration [124] . XN has 

been shown to contribute with an exceptional broad spectrum of inhibitory mechanisms 

to the initiation (reactive molecules, DNA damage), promotion (mutation, changed cell 

structure) and progression (uncontrolled cell growth, tumors, and metastases) of 

carcinogenesis [124].  

In vivo studies are still very limited. First in vivo evidence of XN cancer-inhibiting 

effect was provided by cancer researchers in Heidelberg [93]. Mice with breast cancer 

were treated with XN for two weeks, leading to a tumor growth decrease of 83 % 

comparing to control animals and an inhibition of formation of new blood vessels 

(angiogenesis). Other in vivo study showed that XN inhibits angiogenesis in mice when 

administered in water at 2 µmol/L [125]. 
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Anticarcinogenic activity in the progressive stage of carcinogenesis and 

uncontrolled cell proliferation can be attributed to the ability to affect DNA synthesis. 

XN was proved to inhibit human DNA polymerase α, responsible for the initiation of 

DNA synthesis [124]. The antiproliferative effect of XN is responsible for the prevention 

of carcinogenesis in the progression phase and include the inhibition of DNA synthesis 

and cell cycle arrest in the S phase, apoptosis and terminal cell differentiation [112, 

124]. Recent studies reported that XN and XN-supplemented beer helps reducing 

inflammation, oxidative stress and angiogenesis, ameliorating the wound healing 

process [126]. In fact XN is a strong inhibitor of angiogenesis, which is essential for 

solid tumor growth and dissemination [125, 127, 128]. The administration of XN to mice 

in drinking water inhibited the growth of vascular tumor in vivo by inhibiting 

angiogenesis due to blockage of nuclear factor-қB and Akt pathways in endothelial 

cells [125]. 

At the initiation stage of carcinogenesis, XN potently modulates the activity of the 

cytochrome P450s enzymes involved in the metabolic activation of procarcinogens 

[124, 129-132]. Studies with human liver cells (HepG2) revealed that XN exhibits 

antimutagenic effects at a concentration of 0.01 µmol/L, on procarcinogens activated 

by cytochrome P450 enzymes [132, 133]. XN shows antimutagenic activity against 

mutations induced by the food borne mutagen 2-amino-3-methylimidazo[4,5-

f]quinolone (IQ), by preventing IQ induced DNA damage and the inhibition of the 

metabolic activations of IQ by human cytochrome P450 1A2 and the binding of IQ 

metabolites to DNA and proteins [131, 134]. 

Chemopreventive effects can also occur by detoxifying carcinogens trough 

NAD(P)H: quinone reductase activity that catalyzes the reduction of quinone to 

hydroquinones, which are more suitable substrates for subsequent conjugation. XN 

induces NAD(P)H: quinone reductase activity, which regulates detoxification [124, 129, 

131, 135, 136]. XN was able to significantly reduce menadione induced DNA single-

strand breaks in Hepa1c1c7 cells and good chemopreventive activity through 

inductions of quinone reductase [135-137]. 

XN also induced apoptosis in tumor cells by regulating anti-apoptotic proteins [138], 

down regulations of pro-apoptotic proteins and activation of procaspases [122]. Also, 

XN is related with the activation of the death receptor and mitochondrial apoptosis 

pathway [113]. XN has also been shown to induce apoptosis by inhibiting NFқB 

activation [121].  
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Chronic inflammation and several infections lead to elevated nitric oxide (NO) 

production, involved in the beginning and promotion of carcinogenesis cascade. As a 

potential anti-tumor-promoting mechanism, XN has anti-inflammatory properties by 

inhibiting the activity of cyclooxygenase-1 and -2, and the production of NO [124, 139]. 

XN can also inhibit the release of NO by inhibition of NO synthase in murine 

macrophages [140] and the nuclear factor-қB  [120, 121] that regulates the expression 

of genes encoding proteins involved in the formation of pro-inflammatory factors. 

 

3.2.2. Antioxidant activity 

Some diseases such as cancer and atherosclerosis may be induced by reactive 

oxygen and nitrogen species [99, 141]. Flavonoids are able to scavenge these reactive 

species (e.g. hydroxyl, peroxyl and superoxide anion radicals) and exert antioxidant 

activity [99]. The evaluation of the antioxidant properties of XN showed that it was 8.9- 

and 2.9-fold more potent than 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic 

acid (Trolox) at a concentration of 1 mmol/L in the scavenging of hydroxyl and peroxyl 

radicals by the ORAC (oxygen radical absorbance capacity) assay [124]. Similarly, it 

was confirmed the ability of XN to scavenge superoxide anion radicals generated by 

xanthine oxidase [124].  

The lipid peroxidation induced by free radicals has also been associated with the 

initiation of neurodegenerative diseases and with other pathologic conditions such as 

cancer, neurologic disorders and cytotoxicity [141-143]. The oxidation of LDL (low 

density lipoprotein) occurs particularly through the superoxide radical, that not only 

oxidizes directly the LDL fraction of cholesterol but also reacts with nitric oxide 

producing peroxynitrite, a very reactive radical also capable to oxidize LDL [139]. XN 

was able to inhibit LDL oxidation, exhibiting higher antioxidant activity than genistein 

and α-tocopherol, but lower than quercetin [143].These results demonstrate that XN is 

able to protect against human LDL oxidation. In accordance, Stevens et al. have 

demonstrated that XN inhibit peroxynitrite-mediated oxidation of LDL at low micromolar 

concentrations [141]. A study developed by Rodriguez and collaborators about the 

influence of prenylated and non-prenylated flavonoids on liver microsomal lipid 

peroxidation showed that XN, at 5 and 25 µM, was more effective inhibitor of 

microsomal lipid peroxidation induced by Fe2+/ascorbate than naringenin or genistein 

[142]. The same work has reported that prenylchalcones such as XN, at 25 µmol/L, 
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may have important antioxidant activities based on the inhibition of lipid peroxidation in 

rat liver microsomes induced by Fe2+/ascorbate, Fe3+ - ADP/NADPH or TBH. 

 

3.2.3. Antidiabetic activity 

Diabetes mellitus (DM) is a chronic metabolic disease reaching epidemic 

proportions. The available treatment strategies for diabetes management are not 

completely efficient, as highlighted by the elevated mortality and morbidity rates.  

XN exhibits antidiabetic activity and one of the described mechanism is through the 

binding to the α-glucosidase, inducing changes in enzyme conformation and reducing 

its hydrophobicity [144], providing glycemic control over hyperglycemia in diabetes 

mellitus type 2. Moreover, XN can improve glucose metabolism, whereas high XN dose 

(16.9 mg/kg) exerted benefic effects on body weight and glucose metabolism in obese 

male rats [145, 146]. Oral administration of XN at a concentration of around 17 

µmol/L/kg of body weight had a positive effect on glucose metabolism, insulin 

resistance and in biomarkers of metabolic syndrome namely dyslipidemia, 

hypertension and inflammatory mediators [147]. Lipid metabolism was also reduced in 

diabetic rats after the administration of a XN rich extract, leading to a decrease of body 

weight gain, plasma TC levels and hepatic fatty acid synthesis regulated by the hepatic 

fatty acid metabolism and inhibition of intestinal fatty acids absorption [148]. 

XN also exerts antidiabetic effect in type 1 DM, characterized by a chronic 

hyperglycemia state accompanied by chronic oxidative stress, inflammation, and 

endothelial dysfunction. Costa et al. have demonstrated that the consumption of XN by 

diabetic animals consistently decreases oxidative stress markers and inflammatory 

mediators and modulates the angiogenic process, allowing a better resolution of the 

skin-wound healing, one of the major causes of morbidity in diabetic patients [149]. XN 

is able to modulate the metabolic derangements, to decreased oxidative stress and 

chronic inflammation, improve insulin sensitivity and glucose metabolism.  

 

3.2.4. Antibacterial and antiviral activities 

It has been reported that some hop plant components have bacteriostatic 

antimicrobial activity and are able to preserve beer due their antimicrobial properties 
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[150]. The antimicrobial activity of XN and other hop components (iso-α- and β-acids) 

against four strains of S.mutants and S.salivarius and S. sanguis strains was evaluated 

and compared with those of essential oils used in commercial mouthwashes (thymol, 

cinnamon oil, oil of clove, nerol, citral, eucalyptol and methanol). The results 

demonstrated that all hop constituents showed antimicrobial activity, whereas XN (140 

nmol/L) exhibited similar antimicrobial activity as thymol (333 nmol/L) [150]. More 

recently, Natarajan et al. have compared the co-action of XN and other hop derived 

antibacterial compounds with several antibiotics [151]. A positive co-action of lupulone 

and XN with the antibiotics polymyxin B sulfate, tobramyce and ciprofloxacin in 

inhibiting Gram-positive and some Gram-negative bacteria has been demonstrated in 

vitro. The authors speculated that hop compounds may induce changes in permeability 

and overcome the resistance of the bacterial membrane to the permeation of the 

antibiotics. 

High ingestion of XN results in significantly high concentrations of intact XN in the 

gut, which can influence the growth of intestinal bacteria due to its antibacterial activity. 

The influence of XN on the composition of the intestinal microbiota was studied 

whereas rats were treated with 100 mg XN/kg body weight during 4 months. Based on 

these results, authors suggested that the antibacterial properties of XN appear to be 

selectively useful against opportunistic pathogens [152]. In vivo investigations on 

bioavailability of XN in rats demonstrated that XN is poorly absorbed after oral 

administration and only a minor fraction is metabolized in the gastrointestinal tract [153, 

154]. 

XN was able to inhibit several essential steps for the replication of HIV-1 [155] by 

inhibiting the HIV-1 induced cytopathic effects, as well as the production of viral p24 

antigen and reverse transcriptase in C8166 lymphocytes at non-cytotoxic 

concentrations. XN also inhibited HIV-1 replication in peripheral blood mononuclear 

cells (PBMC), suggesting that XN is effective against HIV-1 and might serve as an 

interesting lead compound and may represent a novel chemotherapeutic agent against 

HIV-1 infection. Other study showed that XN-enriched hop extract (8.4 % XN) did not 

exert anti-HIV-1 activity but exhibited weak to moderate antiviral activity against bovine 

viral diarrhea, herpes virus type 1 and type 2, and rhinovirus. The XN alone appeared 

to account for all the antiviral activity of the hop extract, since the therapeutic indices of 

XN against the referred viruses were similar to those of the XN-enriched extract [156]. 
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XN also displays anti-hepatitis C virus activity in a cell culture system and may be 

potentially used as an alternative or complementary treatment against the hepatitis C 

virus. XN at the 7.05 µmol/L and 14.11 µmol/L decreased the hepatitis C virus RNA 

level to that achieved by interferon-alpha, and at 3.53 µmol/L significantly reduced the 

hepatitis C virus RNA level compared to the negative control [157]. 

 

3.2.5. Dosage and toxicity of XN 

Although all the above mentioned health-promoting effects of XN, it is also 

important to mention its potential toxicity. The toxicity of XN has been investigated in 

mice (oral administration of 5x10-4 mol/L XN ad libitum) with no negative results and 

without affecting major organ functions, [158]. More recently, the histopathological 

evaluation of major organs and biochemical serum analysis confirmed that XN does not 

pose any risk in mice fed with 1000mg XN/kg bw) [120]. Furthermore, a XN rich hop 

extract did not affect sex hormones or blood clotting, or any acute toxicity, in 

postmenopausal women [159].  

A weak hepatotoxicity was observed in Sprague Dawley rats treated with XN at 

doses of 100-1000 mg/kg bw per day for 28 days [160]. However, these doses are 

extremely high, corresponding to a daily input of around 8 mg/kg of pure XN for an 

average body weight of 80 kg. 

In vitro tests show anticarcinogenic effects with XN amounts of 10 to 100 mmol. 

This would correspond to approximately 0.35 to 3.5 mg XN/kg test solution. The 

effective dosage of XN (0.35 mg/kg bw) is equivalent to 30 mg per person per day or 

an average of 30 L of beer per day [161]. Therefore, the physiological effects of XN 

cannot be attributed to a small amount consumed by drinking beer. For this reason, the 

increase of XN levels in beer is of huge interest in order to attain health beneficial 

concentrations and achieve a XN-enriched functional beverage. 

 

3.3. Fate of XN during brewing 

Beer is the most important dietary source of XN and most people consume XN 

exclusively via beer. However, it is generally a minor prenylflavonoid due to thermal 
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isomerization of chalcones into flavanones. In fact, XN is largely converted into its 

isomeric flavanone isoxanthohumol (IXN) during wort boiling (Fig. 3.4) [101, 162-164].  

 

Fig. 3.4- Isomerization of XN into IXN. 

 

 

Commercial beers brewed using current brewing methods contain only 5 % or less 

of the XN content found in the hops used [164] (Fig. 3.5). Another research has 

demonstrated that the overall yield of XN in trial brews was 22-30 %, although the 

majority was present in the isomeric form IXN [162]. In fact, commercial beers are 

characterized by low content of XN (lower than 0.15 mg/L in conventional pale beers) 

and a high content of IXN (up to 3.44 mg/L) [165]. 

Large quantities of XN added by hops are also removed together with the trub due 

to its hydrophobic character that difficult its extraction from hops to aqueous wort (Fig. 

3.5). XN is a nonpolar polyphenol with a low solubility in water (1.3 mg/L, 8 ºC) and 

beer (4 mg/L, 8 ºC in pale lager beer) [162]. Also, a significant decrease on the levels 

of XN was observed during fermentation [101, 162, 164]. Almost 60-90 % of XN is lost 

by adsorption to yeast. However, the lower XN concentration in a filtrated beer after 

addition of yeast and a saturation of the yeast by reuse backs this hypothesis. 

Saturation effect may be caused by reduced yeast vitality and metabolism [164]. Beer 

stabilization with PVPP also reduces the levels of XN in beer due to the high adsorption 

of XN to the polymer [101, 164]. Interestingly, some XN losses are still unexplained 

since 27 % of XN was missing from the total amounts measured in the final products 

[101, 162]. In the end, no more than 0.2 mg/L were found in commercial pale beers 

[162]. 

 



FCUP 

 XN in hops and beer 

77 

 

 

Fig. 3.5 - XN losses during the brewing process (from Wunderlich et al. [164]). 

 

3.4. XN-enriched beers 

The brewing industry has been particularly attentive to the health-promoting 

properties of XN aiming at the production of XN-enriched beers. Specific 

concentrations of XN needed for health-promoting effects are not known and require 

further pharmacological experiments, but the fact remains that the only way consumers 

are currently getting any amounts of this compound is through beer consumption. 

Thus, research has been conducted to increase amounts of XN in beer.  

In commercial beers, the quantity of XN (less than 0.2 mg/L) is very low to really be 

beneficial to health. To increase the quantity of XN in beer the parameters of XN 

recovery have been studied and modified and include the use of XN-enriched hops, the 

use of special malts, the late addition of hops to the boiling worts and the control of 

temperature after the addition of XN [16, 57, 101, 162, 164, 166, 167]. Moreover, the 

production of XN-enriched beers and the use of XN enriched products is an opportunity 
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to achieve sustainability of world hop industry and at the same time it is possible to 

make new economic profit from underutilized hop sources [95]. 

In order to increase XN yield in the brewing process, the parameters of XN recovery 

were modified. Nowadays, the production of XN-enriched beers may be achieved with 

the addition of special hop products made from high α hop cones and depleted of bitter 

compounds [168]. They have a high ratio of XN/α-bitter acids, allowing the increment of 

XN content with minimal effects on beer bitterness. The use of special malts, the late 

addition of hops to wort during boiling and the control of temperature for the additions 

of XN to worts are other parameters that largely contribute to the increase of XN levels. 

One of the first advances for the XN enrichment in beer was the “XAN”-technology 

developed by Wunderlich and Back [164]. XAN-technology uses enriched hop 

products, roasted malts, and specific brewing practices, improving the utilization rate of 

XN during the brewing process (Fig. 3.6). This technology allows the production of 

unfiltered lager beers with 1-3 mg/L of XN and filtered dark beers with more than 10 

mg/L [57, 101, 164]. More recently, high-pressure treatment was applied to boiled 

worts with a second hop dosage to the production of XN-enriched beers. This work 

indicated that worts produced by high-pressure showed 2.1-fold higher XN content 

comparing to the XAN-like method with lower amount of IXN [169]. 

 

 

Fig. 3.6 – XAN-technology features (according to Wunderlich et al. [164]). 
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3.4.1. XN-enriched hops 

The use of enriched hop products resulted in an increase in XN content of final 

beer. Beer with more than 10 mg XN/L was produced [164]. Biendl et al. [163] used in 

the brewing process a XN-enriched hop product and the obtained beer was high in IXN 

(up to 8.6 mg/L) but only XN residues were found (< 0.1 mg/L). In fact, the use of 

higher XN-enriched hop products (30-90 %) did not increase the XN recovery in 

conventionally produced filtrated beers [168]. Due to the hydrophobic character of XN, 

the addition of a food grade emulsifier was suggested to overcome water solubility. 

Moreover, since XN dosage prior to filtration also leads to high losses, Forster and co-

workers  recommended the dosage of XN after filtration [168]. However, this step is 

limited to the solubility of XN in pilsner beer (3 mg/L) and it is not in accordance to the 

German purity law of beer, which only allows the addition of hop extracts to hot wort 

[164]. 

 

3.4.2. Roasted malts 

XAN-technology employs the use of roasted malts in addition to pale malts. It was 

shown that roasted malts have a positive effect on XN recovery in the final beer. 

Wunderlich et al. [164] have shown that the roasting process is responsible for the 

generation of soluble substances, with a molecule size range of 600-300 kDa, which 

can inhibit XN isomerization during wort boiling and increase XN yield.  It was verified 

that brews with more intensive roasted malts had higher XN content comparing to less 

intensive roasted malts. More recently, it was also demonstrated that roasted malts 

have a positive effect on the thermal isomerization of XN, since HMW compounds 

present in roasted malts may prevent its isomerization and improve its solubility and 

recovery [57, 101, 164, 166, 167]. Moreover, the interaction of roasting substances with 

functional groups of XN limits the interaction of some groups with PVPP during 

filtration, reducing the XN losses in 50 % [166]. Effectively, these finds and strategies 

have allowed the production of a XN-enriched dark beer (3.5 mg/L), in which its quality 

was placed as somewhat higher and described as more harmonic comparing to 

commercial beers [101]. 
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3.4.3. Boiling, filtration and fermentation 

The XN enrichment based on the XAN-technology requires a short boiling regimen 

(less than one hour) and the addition of hops in the last five minutes of the boil. 

Furthermore, it calls for high gravity brewing and the addition of cool water to decrease 

wort temperature. All these recommendations allow a reduction of heat the hops are 

exposed and a reduction of XN isomerization [162]. In fact, Karabin et al. have reported 

that the most appropriate temperature for the addition of XN-rich hop to wort was 60 

ºC, reducing the isomerization reaction [167]. Moreover, high gravity brewing increases 

the solubility of XN due to a higher concentration of sugars [162].  

Reduced yeast pitching rates and recycling of yeast are recommended to improve 

XN recovery. However, the impact of yeast on XN concentrations is not clear. Primary 

fermentation process was related with a large decrease (50 %) in the content of XN 

[170]. The impact of yeast is not yet clear, but the decrease of XN content during 

fermentation can be related with the absorption of XN on the yeast [162]. However, the 

lower XN concentration in a filtrated beer after the addition of yeast and a “saturation” 

of yeast by reuse refuses this hypothesis.  

The cell wall of yeast cells consist of mannoproteins bound to oligopolysaccharides 

exposed on the outside of the cells. Different polarities and the hydrophilic or 

hydrophobic natures of the proteins define the capacity of yeast to adsorb different 

molecules such as polyphenols. In fact, many studies have focused on the interaction 

between polyphenols and proteins suggesting that hydrophobic forces and hydrogen 

bonding are involved in the interaction between phenolic groups and proteins [103, 

171, 172]. Moreover, approximately 40 % of the initial XN content was found in the 

yeast slurry, suggesting that it can settle down (unbound form) in the fermentation 

vessel due to a possible modification of its solubility in the medium during fermentation 

[170]. The low content of carbohydrates upon fermentation may be responsible for the 

decrease in XN solubility. 

A preliminary investigation into the impact of XN on brewer’s yeast Saccharomyces 

pastorianus, revealed that XN does not affect yeast viability during the production of a 

XN-enriched beer (10 mg/L). Also, antioxidant properties of XN appear to improve 

yeast’s physiological condition without changing the content of higher alcohols, esters 

and organic acids. Moreover, it does appear to decrease the content of sulphur dioxide, 

acetaldehyde and saturated fatty acids [170]. 
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Finally, XAN-technology calls for minimal filtration. This is because many filtration 

methods, specifically PVPP, activated carbon, and even centrifugation, drastically 

reduces the amount of XN in the final beer [103, 164]. 

Actually, there are some beers with emphasis on XN on the market (Fig. 3.7). One 

of them is “ZATEC Xantho” (Czech Republic), a dark beer with 5.7 % alcohol and a XN 

concentration of around 0.3 mg/L. This beer was achieved by a selection of raw 

materials and a special brewing technology to reach the double of XN content. Another 

XN-enriched beverage in the market since 2007 is the “XAN Wellness”, introduced by 

the Bavarian State Brewery Weihenstephan (Germany). This soft drink consists in a 

mix of 40 % of a hops-malt beverage enriched with XN and 60 % of multi-fruit beverage 

(acerola, apple and lemon juices) to reach a final XN content of 3 mg/L.  

 

 

Fig. 3.7 - Beers with emphasis on XN on the market. 
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Scope of the thesis 

Important research and recent advances have been made in order to increase XN 

content in commercial beers by modifying certain brewing ingredients and critical 

stages, as well as procedures of the industrial process. According to recent research, 

roasted malts are responsible for higher XN content in beer. However, few research 

has been conducted to perceive the impact of higher XN concentrations on yeast 

performance and on the quality of the final beer.  The present work aimed to 

investigate some parameters of the brewing process responsible for lower yields of XN 

on the final beer, as well as the benefits of XN-enrichment on brewer’s yeast and on 

beer oxidative stability.  

Roasted malts have been described to be able to inhibit XN isomerization during 

wort boiling. In this context, this research work started with the study of the influence of 

malt roasting degree and roasted compounds on the isomerization of XN (Section 4). 

The use of roasted malts and higher concentrations of XN in the final beer may 

induce important alterations on beer oxidative stability and consequent quality. The 

antioxidant potential of different malt types as well as the impact of roasting and the 

development of MRPs on the overall antioxidant properties of malt and beer have been 

evaluated (Sections 5 and 6).  

Further, the impact of XN on the oxidative stability of wort and beer has also been 

studied in order to gain insights about the influence of XN enrichment on the stability of 

the final beer (Section 7). In addition, the effect of XN on the physiological condition of 

yeast, particularly its viability and vitality, as well as its genotoxic and antigenotoxic 

properties have been investigated and presented in Section 8.  

 

 

 

Experiments and sample preparation have been carried out with the cooperation of the Portuguese 

brewing company Unicer – Bebidas de Portugal, S.A., the Department of Biology at the University of 

Minho and the Department of Food Science at the University of Copenhagen. 
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4.  Influence of different malt types on XN 

isomerization 

 

The important health properties of XN lead to a special attention of the brewing 

industry concerning the production of XN-enriched beers and its health benefits for 

consumers. However, during the wort boiling XN is largely isomerized to IXN, reason 

why commercial beers have a very low content of XN and higher content of IXN [165]. 

Some studies show that the use of roasted malts appeared to inhibit isomerization of 

XN, presumably due to some roasted substances present in this type of malt, resulting 

in higher levels of XN in beer [16, 57, 164, 166]. According to these studies, brews with 

intense roasted malts result in notable higher levels of XN compared to less intense 

roasted malts.    

Therefore, the first part of this work intended to evaluate the extension of XN 

thermal isomerization in worts produced from malts with different degrees of roasting 

(pale, caramel and roasted), at a small-scale approach. The determination of XN and 

IXN was carried out at different stages of the wort boiling by HPLC-DAD analysis. In 

order to investigate the compounds present in roasted malts responsible for the 

inhibition of XN isomerization, worts were fractionated by gel filtration chromatography 

(GFC) and the isomerization-inhibition capacity of each individual fraction was 

evaluated. 

 

4.1. Materials and methods 

4.1.1. Reagents and samples 

Pilsner (EBC 3-4), carared (EBC 40-50), melano (EBC 60-80), melano80 (EBC 75-

85), chocolate (EBC 800-1000) and black (EBC 1300-1400) malts were a kind gift from 

Os 3 cervejeiros, Lda. (Porto, Portugal). Formic acid (99 %) and methanol (analytical 

grade) were purchased from VWR (Darmstadt, Germany). Methanol and acetonitrile 

(HPLC grade) were obtained from Sigma-Aldrich (Seelze, Germany). The solvents 

employed for HPLC analyses were filtered through a nylon filter of 0.2 µm pore size 

(Whatman, USA) and degassed in an ultrasound bath. Sodium carbonate, sodium 
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sulphate, sodium acetate, vanillin, DPPH, potassium ferrycyanide, iron (III) chloride 

hexahydrate, trichloroacetic acid (TCA), ammonium iron citrate, ammonia, 

carboxymethyl cellulose (CMC), ethylenediaminetetraacetic acid (EDTA), glucose and 

glycine were from Sigma-Aldrich. Ethyl acetate used in the extraction was obtained 

from Fischer Scientific. Folin-Ciocalteu reagent and sulphuric acid (98 %) were 

obtained from Merck. XN and IXN (> 95 % purity) were kindly offered by Dr. Martin 

Biendl from Hopsteiner (Mainburg, Germany). Stock solutions of XN and IXN (1000 

mg/L) were prepared in ethanol and kept at -20 ºC. High-purity water from a Direct-Q 3 

UV water purification system (Millipore Iberian, Spain) was used for all analyses. All 

chemicals used, unless stated otherwise, were of analytical grade or highest purity 

available. 

Calibration curves used for HPLC quantification purposes were constructed for the 

following polyphenols (Sigma-Aldrich): gallic acid (98 % purity), protocatechuic acid (97 

% purity), (+)-catechin (98 % purity), vanillic acid (97 % purity), chlorogenic acid (95 % 

purity), caffeic acid (98 % purity), syringic acid (98 % purity), (-)-epicatechin (90 % 

purity), p-coumaric acid (98 % purity), ferulic acid (99 % purity), sinapinic acid (97 % 

purity), rutin (95 % purity), cinnamic acid (99 % purity) and quercetin (95 % purity). 

Stock solutions of these compounds (5.0 g/L) were prepared in methanol and kept at - 

20 ºC.  

 

4.1.2. Production of EBC Congress worts 

EBC congress worts were prepared at Unicer – Bebidas de Portugal, S.A., with an 

appropriate control and monitorization of all the variables during the mashing process. 

50 g (± 1 g) of each malt sample were milled in a Buhler Miag disc mil, using a fine 

grind (0.2 mm). Mashes were carried out in stirred metal beakers, using a LG MA-001 

fully automatic masher. 200 mL of distilled water at 45 ºC were added to ground malt 

samples. The mash was continually stirred and after 30 min at 45 ºC the temperature 

was increased at the rate of 1 ºC/min up to 70 ºC. More 100 mL of water at 70 ºC were 

added and the temperature was maintained at 70 ºC during 1 h. In the end, the mash 

was cooled to 20 ºC and the beaker content made up to 450 g with distilled water due 

to water losses by evaporation (final volume of 300 mL). Mashes were then filtered with 

a Whatman (Maidstone, UK) no. 1 folded filter paper. 
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4.1.3. Malt and wort analysis 

Worts and malt analyses were carried out according to Analytica-EBC [173]. Wort 

apparent extract (g/100 mL), color (EBC units) and pH were determined using a 

SCABA 5600 Automatic Beer Analyser (Tecator AB, Sweden). The humidity of malt 

samples was determined by oven drying at 100 ºC. 

 

4.1.4. XN isomerization 

To evaluate the isomerization of XN in different worts, 100 mL of each wort were 

heated at 80 ºC and 100 ºC for 110 min, with continuous agitation. Worts (5 % ethanol, 

v/v) were spiked with 10 mg/L of XN at the beginning of boiling and an aliquot of 500 

µL was collected after 5 min and then every 10 min in order to determine the quantify 

XN and IXN. The phenolic compounds were quantified by direct injection of the aliquots 

into the chromatographic system as described by Magalhães et al. [16]. 

The HPLC-DAD system (Jasco Corporation, Tokyo, Japan) consisted of a low 

pressure quaternary gradient unit (model LG-1580-04) with an in-line degasser (DG-

1580-54) and an autosampler (AS-950). The system is equipped with a photodiode 

array detector (model MD-1510 UV/Vis multiwavelenght detector). Data processing 

was made using Chrompass software version 1.8 (Jasco Corporation, Tokyo, Japan). 

Separations were achieved on a Eurospher (Knauer, Berlin) C18 column (250 x 4 mm, 5 

µm), equipped with a guard column, with a binary solvent gradient (A, 0.1 % formic acid 

in water and B, acetonitrile), starting on injection with 40 % B, followed by a linear 

increase to 100 % B in 15 min and maintained for more 5 min in these conditions. The 

flow rate was 0.8 mL/min and the detection wavelengths of XN and IXN were 368 and 

290 nm, respectively. A total of 20 µL was injected into the column and the separation 

was performed at room temperature. Analytes in each sample were identified by 

comparison of their retention times and UV-VIS spectra with those of standard 

solutions of the compounds. The external standard calibration curve was used for 

quantification purposes. 
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4.1.5. Total phenolic content (TPC) 

The TPC in worts was determined by the Folin-Ciocalteau (FC) method, as 

described by Dvořáková et al. [15], with minor modifications. 1 mL of diluted sample or 

standard solution was incubated with 4 mL of FC working solution and 5 mL of sodium 

carbonate (7.5 %, w/v). The mixture was stirred and incubated for 2 h. The absorbance 

was measured at 740 nm in a Schimadzu UV-3101 spectrophotometer (Kyoto, Japan) 

using glass cells with an optical path of 10 mm. The calibration curve was performed 

with gallic acid (10-150 mg/L) and the results were expressed as gallic acid equivalents 

(GAE). 

The TPC was also determined by the Analytica-EBC method [173]. Briefly, 10 mL of 

wort and 8 mL of CMC/EDTA reagent were transferred to a 25 mL volumetric flask and 

mixed. Then, 0.5 mL of ferric reagent (3.5 % ammonium iron citrate) was added to the 

sample. After, 0.5 mL of ammonia reagent (ammonia:water, 1:2) was added and 

thoroughly mixed. Finally, the volume was made up to 25 mL with water and 

homogenized. The absorbance at 600 nm (10 mm optical path glass cells) was 

measured after 10 min of reaction.  

 

4.1.6. Determination of flavan-3-ols and proanthocyanidins  

The determination of flavan-3-ols and proanthocyanidins was assessed by the 

vanillin assay as described by Sun et al. [174]. Briefly, 1 mL of sample or standard was 

mixed with 2.5 mL of vanillin reagent (1 %, w/v) and 2.5 mL of H2SO4 (20 %, v/v), both 

dissolved in methanol. The absorbance was measured at 500 nm. The calibration 

curve was performed with catechin (10-150 mg/L) and the results expressed as 

catechin equivalents (CE). 

 

4.1.7. Determination of phenolic compounds in worts by HPLC-DAD 

The extraction of phenolic compounds from worts was performed as described by 

Langos et al. [175] with some modifications. Worts (20 mL) were extracted with ethyl 

acetate (4 x 20 mL) and the combined extracts were dried with anhydrous sodium 

sulphate, filtered and evaporated to dryness. The residue was dissolved in 1 mL 

water/acetonitrile (9:1) and analysed by HPLC-DAD.  
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The chromatographic system previously described in 4.1.4 was used. For 

separation, a Gemini C18 (Phenomenex, USA) column (250 mm × 4.6 mm, 5 µm) 

connected to a guard column (Phenomenex, 4.0 mm × 3.0 mm) was used with a 

mobile phase consisting of methanol (A) and an aqueous formic acid 0.1 % solution 

(B). The flow rate was 0.8 mL/min. A gradient program was used as follows: from 90 % 

to 70 % B in 40 min, from 70 % to 55 % B in 20 min, from 55 % to 0 % B in 30 min held 

for 5 min and back to 90 % in 15 min and 10 min of reconditioning before the next 

injection. A total of 20 µL was injected into the column kept at room temperature. 

Detection was conducted by scanning absorbance between 190 and 600 nm.  

For quantification purposes, the external standard calibration was used. The linear 

regression of peak area vs. concentration was calculated for each compound at 

concentrations ranging from 0.5 mg/L to 100 mg/L of pure standards. Quantification 

was conducted at 280 nm for (+)-catechin, (-)-epicatechin, gallic acid, syringic acid, 

cinnamic acid and quercetin, at 260 nm for protocatechuic acid, vanillic acid, and rutin, 

and 320 nm for derivatives of cinnamic acid (caffeic, p-coumaric, ferulic and sinapinic 

acid) and chlorogenic acid. Data acquisition and spectral peak matching was 

performed using the Chrompass software version 1.8 based on a correlation algorithm, 

whereas a correlation matching factor between the sample and reference spectra 

superior to 990 means that peaks are similar; between 900 and 990 represents some 

similarity and inferior to 900 indicates differences. Sample peaks were identified 

assuming a rejection criteria value of 900.  

The detection and quantification limits (LOD and LOQ) were calculated as the 

concentration that produced a signal equal to three and ten times the standard 

deviation of the intercept/slope of the calibration curves, respectively. Coefficient of 

correlation, LOD (mg/L) and LOQ (mg/L) were, respectively: 0.9999, 1.38 and 4.61 for 

gallic acid; 0.9998, 1.75 and 5.82 for protocatechuic acid; 0.9998, 1.50 and 5.00 for (+)-

catechin; 0.9998, 1.86 and 6.21 for vanillic acid; 0.9990, 4.44 and 14.81 for chlorogenic 

acid; 0.9999, 1.18 and 3.94 for caffeic acid; 0.9999, 1.34 and 4.45 for syringic acid; 

0.9998, 0.70 and 2.34 for (-)-epicatechin; 0.9998, 1.70 and 5.65 for p-coumaric acid; 

0.9998, 1.73 and 5.78 for ferulic acid; 0.9996, 4.57 and 15.22 for sinapinic acid; 1.26 

and 4.22 for rutin; 0.9965, 8.07 and 26.90 for cinnamic acid; 0.9848, 10.41 and 34.69 

for quercetin. 
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4.1.8. Determination of the in vitro antioxidant activity  

DPPH method 

The determination of free radical scavenging activity by the DPPH method was 

carried out according to Goupy et al. [21]. Wort samples were diluted 3:4, 2:4, 1:4, 1:8 

in methanol. 2.85 mL of DPPH working solution (0.065 mg/L) were mixed with 0.15 mL 

of diluted wort. The absorbance decrease at 515 nm was measured after 120 min 

incubation in the dark. The results were expressed as the antiradicalar power 

comparing to control (% ARP). 

 

Ferric reducing power (FRP) 

The FRP was determined as described by Zhao et al. [45]. 1 mL of wort was mixed 

with 2.5 mL of phosphate buffer (0.2 mol/L, pH 6.6) and 2.5 mL K3Fe(CN)6 (1 %, w/v). 

The mixture was incubated at 50 ºC for 20 min. Then, 2.5 mL of TCA (10 %, w/v) was 

added and the mixture was centrifuged at 1000.g for 10 min. The upper layer (2.5 mL) 

was mixed with 2.5 mL of water and 0.5 mL of FeCl3·6H2O (0.1 %, w/v). The 

absorbance was measure at 700 nm and the results expressed as quercetin 

equivalents (QE). 

 

4.1.9. Fractionation of wort samples by GFC 

The distribution of the molecular weight of MRPs present in malt extracts was 

estimated in more detail by means GFC. For this purpose, 500 µL of pilsner, melano80 

and black worts were injected into a Superdex 200 column (1.6 x 40.9 cm; Amersham 

Biosciences, Uppsala, Sweden). Colored compounds were eluted with sodium acetate 

buffer (0.2 mol/L, pH 6.0) at 0.5 mL/min and on-line detected at 420 nm. During the 

chromatographic separation, 30 fractions of 2.0 mL were collected (F1 - F30). The void 

volume was determined with blue dextran 2000 and the total volume with glycine. 

Ribonuclease A (13.7 kDa), ovalbumin (43 kDa), conalbumin (75 kDa), aldolase (158 

kDa), ferritin (440 kDa) and thyroglobulin (669 kDa) were used as molecular weight 

calibration standards (GE Healthcare, Fairfield, IL).  
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4.1.10. XN isomerization in fractions 

The extension of XN isomerization was directly investigated in the fractions 

collected by GFC. For this purpose, 100 µL of XN standard (400 mg/L) were added to 

each fraction (2.0 mL) for a final concentration of 20 mg/L XN. Fractions were then 

heated at 100 ºC for 60 min.  

The content of XN and IXN was determined by HPLC using the same conditions 

described in section 4.1.4. 

 

4.1.11. MLD standard preparation and quantification  

The MLD standard was obtained from a glucose and glycine model system and 

used for determination of MLD content in the samples. The standard was prepared by 

dissolving 0.05 mol of glucose and 0.05 mol of glycine in 100 mL water. The solution 

was freeze-dried up to constant weight. The white mixture of carbonyl compound and 

amino acid was placed in an oven equipped with a fan, preheated at 125 ºC. The 

mixture was heated for 2 h without covering. After cooling to room temperature in a 

desiccator, the brown solid was transferred to a mortar and carefully ground to a fine 

powder. A 5 g aliquot of the material was dissolved in 200 mL of water and the solution 

was stirred for 12 h at 4 ºC to dissolve as much material as possible. This suspension 

was filtered through Whatman (Maidstone, UK) no. 1 filter paper and the filtrate 

(containing the water-soluble MLD) was collected. The residue on the filter paper was 

washed with 3 x 20 mL of ice-cold water, and the liquid obtained after washing was 

mixed with the original filtrate, freeze-dried and stored at -20 ºC until further use.  

The UV-Vis absorbance spectrum (200-600 nm) was obtained as follows: 10 mg of 

MLD standard were dissolved in 100 mL of water (100 mg/L) and analysed in a 

Shimadzu UV-3101 PC spectrophotometer (Kyoto, Japan). The MLD content in the 

samples was determined using the calibration curve obtained with MLD standards (5-

100 mg/L) at 345 nm (characteristic band). 
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4.2. Results and discussion 

4.2.1. Malt and wort analysis 

The analysis of malts and worts is resumed in the Table 4.1. Moisture content 

mainly depends on the production process, the origin of grains and the conditions and 

time of storage. In general, moisture is lower for roasted malts due to high 

temperatures applied during roasting. However, roasted malts used in this work 

exhibited higher moisture than expected. As mentioned, this could be related with the 

time and storage conditions. 

The pH of EBC worts produced from roasted malts (chocolate and black) is lower 

than worts produced from pale malts (Table 4.1). The higher temperatures applied 

during malting in colored malts lead to a more intense non-enzymatic browning Maillard 

reaction, and the occurrence of acid reductones and acid MLD, that may contribute to a 

lower pH value in worts [32, 37]. For this reason, roasted malts also exhibit higher EBC 

color units. 

 

Table 4.1 – Malt moisture, apparent extract, color and pH of worts produced in small scale mashing. Results are 

expressed as means ± standard deviation (SD) of three independent measurements 

Malt type 
Malt moisture 

(%) 

Apparent 
extract 

(g/100 mL) 

Color 

(EBC units) 
pH 

Pale Pilsner 5.8 ± 0.1 9.09 ± 0.03 6 ± 1 5.67 ± 0.01 

Caramel 

Carared 7.0 ± 0.1 8.54 ± 0.01 51 ± 1 5.48 ± 0.01 

Melano 7.1 ± 0.1 9.05 ± 0.09 64 ± 1 5.35 ± 0.02 

Melano80 6.4 ± 0.1 8.95 ± 0.07 81 ± 1 5.17 ± 0.01 

Roasted 

Chocolate 7.7 ± 0.1 8.65 ± 0.02 793 ± 8 4.99 ± 0.01 

Black 7.9 ± 0.1 8.28 ± 0.03 1210 ± 3 4.83 ± 0.01 
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4.2.2. XN isomerization 

In order to evaluate the influence of the degree of roasting on the extension of XN 

degradation, the XN isomerization was evaluated during boiling of different worts 

produced from different malt types (described in Table 4.1). The XN isomerization was 

also evaluated using different wort temperatures (80 ºC and 100 ºC). As referred, the 

XAN-technology applied for the production of XN-enriched beers recommends the 

addition of XN at low wort temperatures [164].  

The content of XN and IXN was determined by HPLC-DAD (Fig. 4.1). The 

quantification of XN and IXN in different wort samples was performed by direct injection 

into the HPLC since a previous solid phase extraction clean-up may led to losses of XN 

and can be also affected by roasted substances present in roasted malts [170]. 

 

 

Fig. 4.1 – Example of chromatogram obtained from the HPLC analysis of black wort spiked with XN (10 mg/L): at the 

beginning of the boiling process (green line) and after wort cooling (blue line). 

 

As can be seen in Fig. 4.2, the extension of XN isomerization was higher in pale 

worts. As demonstrated, approximately 90 % of the initial XN added to pilsner wort was 

present as IXN after wort cooling. The higher content of IXN (around 18 mg/L) in 

comparison to XN content (around 2 mg/L) in the final wort is related to the higher 

isomerization rate of XN during boiling observed for pilsner wort. However, XN 

isomerization rates decrease with the increase of wort color. In caramel worts (melano, 

melano80 and carared) approximately 15 % of XN added was present after cooling in 

melano and melano80, and 34 % in carared wort.  

IXN 

XN 
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A completely different behavior was found for roasted worts (chocolate and black). 

Only 50 % of the initial amount of XN was present as IXN after wort cooling. These 

results demonstrate that roasted malt worts are able to inhibit XN isomerization, 

resulting in higher levels of XN in the final wort (up to approximately 10 mg/L in black 

and chocolate worts). A high correlation (r2 = 0.96) between wort color and XN 

isomerization was found, suggesting that XN may bound to roasted substances during 

wort boiling, preventing isomerization during the brewing process [57, 101, 164, 166].  

 

 

Fig. 4.2 - Content of XN (% XN relatively to the total XN + IXN) during the boiling of worts produced in small scale 

mashing. 

 

Comparing the XN isomerization in pilsner and in black worts (Fig. 4.3), the XN 

isomerization was almost 5-fold higher in pilsner wort. Moreover, the XN solubility was 

higher in black wort (approximately 7 mg/L) comparing to pilsner wort (approximately 5 

mg/L) suggesting that roasted malt may contain substances that can interact with XN 

and increase its solubility while protecting it from isomerization, as referred by Karabín 

et al. [167]. After 5 min of the addition of XN (10 mg/L) to the different worts, 5 mg/L XN 

was found in pilsner wort and 7 mg/L XN in black wort. After 110 min of boiling, the XN 

content was around 0.4 mg/L in pilsner wort and 3.3 mg/L in black wort, whereas the 

IXN content was around 3.3 mg/L in pilsner wort and 2.9 mg/L in black wort. The very 

similar final content of IXN in both worts, in spite of the significant difference in the 

content of XN, can be related to the higher solubility of XN in black wort, which is more 
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available for isomerization. Apparently, the main differences are related with the 

solubility of XN on pilsner and black worts, since no significant differences were 

observed on IXN content. 

 

 

Fig. 4.3 – XN and IXN content (mg/L) in pilsner and black worts during boiling  

 

The same trials developed at lower temperatures (80 ºC) have demonstrated that 

temperature has also a great impact on the isomerization of XN (Fig. 4.4). The 

reduction of temperature (from 100 ºC to 80 ºC) during wort heat can lead to a 

reduction of XN isomerization about 30 % in pilsner and caramel worts, and 25 % in 

roasted worts. Moreover, the isomerization of XN in roasted malt worts at 80 ºC is 

negligible, since around 95 % of the initial XN remains after chocolate and black worts 

cooling. According to results here presented, isomerization of XN can be largely 

reduced by using roasted malts and reducing the temperature of wort.  
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Fig. 4.4 - Content of XN (% XN relatively to the total XN + IXN) during wort heating at 80 ºC. 

 

4.2.3. TPC, MLD content and antioxidant activity of worts 

The different malt worts were chemically characterized in order to elucidate which 

substances are responsible for the inhibition of XN isomerization in roasted malts. The 

evaluated parameters were the TPC by the FC and EBC assays, the flavanols and 

proanthocyanidins content as well as the MLD content. Antioxidant properties of worts 

were evaluated both by the DPPH and FRP assays. The results are summarized in the 

Table 4.2. 

The TPC varied from 278 mg GAE/L in pilsner wort to 1232 mg GAE/L in chocolate 

wort by the FC method. The TPC in roasted worts comparing to pale worts was 

approximately 5-fold higher. A similar behavior was obtained for the TPC by the EBC 

method. In this case the values varied from 70 mg/L in melano wort to 412 mg/L in 

black wort, which represents a variation of approximately 6-fold. 

The flavan-3-ols and proanthocyanidins content measured by the vanillin assay 

(Table 4.2) varied from 7.2 mg CE/L in pilsner wort to 384 mg CE/L in chocolate wort. 

The roasting process can induce the degradation of phenolic compounds (e.g. phenolic 

acids) and the formation of polymers (e.g. proanthocyanidins) [16], which can 

contribute to the huge increase of flavan-3-ols and proanthocyanidins content observed 

in roasted malt worts. 
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Table 4.2 – TPC, flavan-3-ols and proanthocyanidins content, antioxidant capacity and MLD content of the different 

worts produced from different malt types. Results are expressed as means ± SD of three independent measurements 

 Malt type 

 Pilsner Carared Melano Melano80 Chocolate Black 

TPC by FC assay 

(mg GAE/L) 
278 ± 12 578 ± 26 517 ± 14 532 ± 27 1232 ± 7 1090 ± 9 

TPC by EBC assay 
(mg/L) 

72 ± 3 86 ± 5 70 ± 6 77 ± 1 344 ± 5 412 ± 4 

Flavan-3-ols and 
proanthocyanidins 

(mg CE/L) 
7.2 ± 0.5 27 ± 2 43.3 ± 0.2 50.2 ± 0.7 384 ± 28 213 ± 9 

FRP (mg QE/L) 14.2 ± 0.4 28.5 ± 0.1 43 ± 1 44.7 ± 0.7 72 ± 5 74 ± 1 

DPPH (% ARP) 20 ± 3 25 ± 5 32 ± 6 33 ± 6 59 ± 4 69 ± 5 

MLD (mg/L) 760 ± 34 1700 ± 2 2057 ± 10 2145 ± 6 4480 ± 47 5809 ± 4 

 

Malt roasting is also responsible for the development of MLD, caramelization 

products from carbohydrates and pyrolysis of organic compounds, as a result of the 

Maillard reaction. The MLD content in the different worts varied from 760 mg/L in 

pilsner to 5809 mg/L in black wort. MLD content was found to be correlated with the 

reducing power (r2 = 0.91) and antiradicalar capacity (r2 = 0.99) of malt samples 

determined by the FRP and DPPH assays, respectively. Due to the antioxidant 

properties of MLD, the degree of non-enzymatic browning and color development of 

malts can be considered an important factor in malt quality. These results demonstrate 

that MRPs have a significant impact on the antioxidant properties of malt and can be 

responsible for the lower XN isomerization rates observed in roasted worts, since they 

are present in very high content. The higher FRP obtained for roasted malts (around 70 

mg QE/L) may also be related to the reaction of simple phenolic compounds with 

MRPs. MLD formed during kilning, mainly present in dark malts, can trap polyphenols 

within its structure lowering the content of these phenolic compounds [26] and 

exhibiting higher reducing properties [22].  

It should be stated that colorimetric methods are subject to some interferences. For 

example, the FC method is an electron transfer based assay and gives reducing 

capacity, which has normally been used to determine phenolic content. The basic 

mechanism is an oxidation/reduction reaction that can be considered as another 
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antioxidant activity evaluation method [176], influenced by the presence of other 

antioxidants besides polyphenols. Therefore, these results should be interpreted on a 

qualitative and not a quantitative approach. The quantitative analysis of phenolic 

compounds in worts was performed by HPLC-DAD. 

 

4.2.4. Identification of phenolic compounds in worts by HPLC-DAD 

The content of some individual free phenolic compounds was measured in worts 

produced from three different malt types with different degrees of roasting (pilsner, 

melano80 and black) by HPLC-DAD analysis (Fig. 4.5). Fourteen phenolic compounds 

were identified and quantified in worts (Fig. 4.5 A). The content of individual phenolic 

compounds determined in worts are given in Table 4.3. The main phenolic acids 

identified in the worts were the hydroxybenzoic (gallic, vanillic and syringic) and the 

hydroxycinnamic acids (caffeic and ferulic). Regarding the flavan-3-ols, catechin and 

rutin were also identified in worts. The comparison of the chromatograms reveals 

significant differences on the phenolic profile of worts. Melano80 and black worts are 

characterized by a higher number of individual peaks, in accordance with the higher 

TPC in roasted malts presented in the Table 4.2. The complexity of these samples is 

indicative of the formation of new compounds during malt roasting and particular 

malting conditions. 

In pilsner wort, the most abundant cinnamic acid derivatives are ferulic acid (3.7 

mg/L) and p-coumaric acid (1.4 mg/L), as clearly observed in the chromatogram of 

pilsner sample (the two main peaks eluted around 48 and 51 min., Fig. 4.5 B). In 

agreement, ferulic acid has been reported as the most abundant free phenolic acid in 

barley malt [48, 175].  In fact, the content of ferulic acid and p-coumaric acid increased 

significantly during malting [48, 177]. A study regarding the release of ferulic acid 

during wort production has demonstrated a rapid increase of bound ferulic acid 

concentration in the early stages of wort production, and an increase of free ferulic acid 

until the heating at 75 ºC step [178]. Some enzymes, such as ferulic acid esterase, 

may survive heat temperatures during kilning and mashing and release bound ferulic 

acid form from barley cell walls (associated with lignin and arabinoxylans), resulting in 

higher content of extractable ferulic acid in the matrix [22, 24, 79, 177, 179]. 
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A

 

B

 

Fig. 4.5 - HPLC chromatograms (280 nm) obtained for a mixture of the phenolic standards at 50 mg/L (A) and for wort 

extracts (B). Pilsner wort sample is represented in red, melano80 wort in green and black wort in blue. 

 

In comparison, the content of ferulic acid in black wort is lower (0.84 mg/L), 

probably due to the reaction of ferulic acid with MRPs during the roasting process [22, 

26]. Additionally, the thermal degradation of the enzyme ferulic acid esterase related 

with higher kilning temperatures may promote an overall decrease of free phenolic 

acids [24]. The higher content of vanillic acid and caffeic acid in black wort (1.6 and 1.9 

mg/L, respectively) comparing to pilsner wort (0.9 mg/L) may also be indicative of 

degradation of phenolic compounds, such as ferulic acid, leading to an overall 

decrease of this phenolic acid in roasted malts [16, 22]. 

Catechin was the most abundant flavan-3-ol identified in pilsner wort (2.0 mg/L), in 

line with other works [16, 22, 23, 48, 180]. However, catechin was not detected in 

roasted malts, as also demonstrated by Samaras et al. [22]. The content of catechin 
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significantly decreases during malting (up to 32 %), correlated with an increase of 

catechin glycosides [181]. The formation of catechin glycosides may explain why 

catechin was not detected in roasted malts, as well as the involvement of catechin in 

the formation of proanthocyanidins upon roasting. Contrary, Magalhães et al. have 

reported the presence of high levels of catechin in roasted malts [101]. The differences 

could be related with the type of extraction, since this work has focused on the 

identification of phenolic compounds on worts related to the brewing process and not in 

methanolic extracts of malt samples. 

 

Table 4.3 – Concentrations (mg/L) of the main phenolic compounds determined in worts by HPLC-DAD analysis 

 Pilsner Melano80 Black 

Gallic acid 0.8 ± 0.2 n.d. n.d. 

Protocatechuic  acid n.d. n.d. n.d. 

(+)-catechin 2.0 ± 0.3 n.d. n.d. 

Vanillic acid 0.9 ± 0.1 n.d. 1.6 ± 0.4 

Chlorogenic acid n.d. n.d. n.d. 

Caffeic acid 0.4 ± 0.1 2.3 ± 0.4 1.9 ± 0.2 

Syringic acid 0.2 ± 0.1 n.d. 0.4 ± 0.1 

(-)-epicatechin n.d. n.d. n.d. 

p-coumaric acid 1.4 ± 0.2 1.1 ± 0.1 n.d. 

Ferulic acid 3.7 ± 0.6 2.8 ± 0.2 0.8 ± 0.2 

Sinapinic acid n.d. n.d. 0.9 ± 0.2 

Rutin n.d. 18.2 ± 3.6 n.d. 

Cinnamic acid 0.3 ± 0.1 0.7 ± 0.1 0.3 ± 0.1 

Quercetin n.d. n.d. n.d. 

n.d., Not detected 

 

Rutin, the glycoside of the flavonol quercetin, was only identified on melano80 wort 

(18.2 mg/L). This malt type is produced using particular malting conditions (specific 

germination and kilning regimens) aiming the production of higher sugar content, which 

can contribute to higher content of glycosides. In agreement, it was demonstrated that 

https://en.wikipedia.org/wiki/Glycoside
https://en.wikipedia.org/wiki/Flavonol
https://en.wikipedia.org/wiki/Quercetin
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the concentration of rutin, in malted buckwheat, was dependent on germination 

temperature and time, whereas the influence of temperature was more important than 

germination time [182]. The higher levels of rutin may be indicative of higher glycosides 

content in melano80 wort, which can explain the identification of a higher number and 

content of individual phenolics comparing to pilsner wort sample (Fig. 4.5 B). 

 

4.2.5. Effect of MRPs on XN isomerization 

Pilsner, melano80 and black worts were fractionated by GFC, in the range of 100 to 

600 kDa, in order to investigate the effect of the MRPs on the XN isomerization. The 

different fractions isolated by GFC were spiked with a XN standard (20 mg/L final 

content) and boiled for 60 min. The content of XN and IXN were determined by HPLC-

DAD (Fig. 4.6). 

The ratio XN/IXN was significantly higher in the fractions of HMW (fractions 2 to 5), 

isolated from black malt, characterized by a molecular weight higher than 300 kDa (Fig. 

4.6). The maximum XN/IXN ratio was approximately 0.9 obtained in the fraction 3 of 

black malt, whereas the XN/IXN ratios were around 0.2 in the same fraction isolated 

from pilsner and melano80 worts. These data suggest that XN isomerization was 

significantly inhibited by HMW compounds present in black malt. XN may interact with 

HMW roasted substances during wort boiling preventing its isomerization [164]. 

After boiling, the XN content in pilsner and melano80 malts fractions was very low 

due to isomerization. However, in black malt, approximately 6 mg/L of XN was 

determined in HMW fractions after boiling. The total XN and IXN in fractions of HMW 

was significantly higher compared to LMW fractions, suggesting that the higher 

solubility of XN in the fractions containing HMW compounds (fractions 1 to 5) may also 

lead to higher IXN levels since XN is more prone to isomerization. Moreover, the 

antioxidant properties of HMW MLD present in roasted malts (Table 4.2) can inhibit the 

oxidative deterioration of XN and IXN during boiling. 
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Fig. 4.6 – XN and IXN content (mg/L), and ratio XN/IXN, after boiling of XN-enriched fractions isolated by GFC from 

different malt type worts (pilsner, melano80 and black).  

 

4.2.6. MLD content and reducing properties 

The MLD content and the reducing properties of fractions isolated by GFC from 

pilsner, melano80 and black worts were determined. As can be observed in the Fig. 

4.7, a strong positive correlation between FRP and MLD was found (r2 = 0.81 for 

pilsner malt, r2 = 0.95 for melano80 malt and r2 = 0.91 for black malt).  

The results suggest the presence of two characteristic molecular weight regions 

with different degrees of roasting (Fig. 4.7). Black malt is characterized by a HMW 

compounds region (> 300 kDa), with an intense brown color, as well as by a lower 

molecular weight (LMW) region (< 10 kDa) with a less intense brown color and lower 

MLD content. It was found that HMW fractions have higher reducing power, as well as 

higher capability to inhibit XN isomerization (Fig. 4.6). On the other hand, melano80 

and pilsner malts are characterized by a unique LMW region (fractions 21 to 26). In the 
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case of melano80 malt, LMW fractions have higher reducing power than the HMW in 

roasted malt. This may be related to the reaction of simple phenolic compounds with 

MRPs, as previous reported [22]. 

 

 

Fig. 4.7 – MLD content (mg/L) and reducing power (mg QE/L) of fractions isolated by GFC. 

 

 

A strong positive correlation between XN content after boiling and the MLD content 

of GFC fractions was found for black wort (Fig. 4.8, r2 = 0.90, n = 30). Not all coloring 

substances are responsible for XN isomerization inhibition. However, the HMW roasted 

substances present in black malt largely contribute to higher XN content after wort 

boiling. 
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Fig. 4.8 – Correlation between MLD content of GFC fractions isolated from black malt and XN content after boiling. 

 

In order to investigate the impact of MLD in the XN isomerization-inhibition during 

wort boiling, 100 mL of a XN standard solution (10 mg/L XN in 5 % ethanol, v/v) were 

heated at 100 ºC during 60 min in the absence (control sample) and in the presence of 

1000 mg/L of a MLD standard produced as described in section 4.1.11. The rate of XN 

isomerization was slightly higher in the control trial comparing to the sample containing 

the MLD standard (Fig. 4.9). After 60 min of boiling, the XN content in the sample 

containing MLD was around 40 % higher than in the samples without MLD. Therefore, 

these results indicate that MLD may have a significant influence on XN isomerization 

inhibition, although the trials were performed in MLD model solution. 

 

 

Fig. 4.9 - Content of XN (% XN relatively to the total XN + IXN) during isomerization trials of a XN standard (10 mg/L in 

5 % ethanol, v/v) in the absence (control) and in the presence of a MLD standard (1000 mg/L). 
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4.3. Conclusions 

The rate of XN isomerization in pale (pilsner) and caramel (melano and carared) 

malts was significantly higher comparing to roasted malts (chocolate and black). 

Roasted malts revealed a positive effect on the thermal stability of XN, resulting in 

higher XN content in the final wort (approximately 60 % of the initial XN content). As 

demonstrated, black malt is characterized by HMW compounds with an intense brown 

color (MLD) and higher reducing power, which are able to inhibit XN isomerization. In 

opposition, caramel and pale malts are only characterized by LMW compounds. The 

isomerization studies suggest that the HMW fractions in roasted malts are responsible 

for the inhibition of XN isomerization. LMW compounds, on the other hand, did not 

affect XN content during boiling. Probably, roasted substances can interact with XN, 

increasing its solubility and protecting XN during boiling. 
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5.  Further insights into the role of MLD on 

the antioxidant potential of barley malt 

 

As described in the previous section, roasted malts can be used to increase XN 

yield in wort and beer. Dark malts are prepared using high temperatures, resulting in a 

non-enzymatic browning also known as Maillard reaction [27-30]. During this step a 

group of compounds denominated MRPs are formed by the reaction between reducing 

sugars with amino acids and amino groups of peptides or proteins. During the final 

stages of the Maillard reaction the formation of MLD occurs by polymerization [29, 32]. 

MLD are described as nitrogenous compounds with HMW, high reducing potential and 

an intense brown color [37]. 

During malt kilning (up to 80 ºC) and roasting (110-250 ºC) the formation of 

antioxidants may occur through the Maillard reaction, such as reductones and MLD 

[10]. Studies about the antioxidant properties of MRPs refer that MLD are the main 

contributors to the antioxidant capacity of malt [51], honey [183] and coffee [184]. This 

capacity is often ascribed to the metal chelating properties, reducing power and radical-

scavenging capacity [32, 37, 75]. However, recent studies showed that MLD can exert 

a pro-oxidant activity as well [53, 185].  The pro-oxidant properties of MLD can be 

related to the formation of radicals by a Fenton mechanism due to the presence of iron 

or copper cations [53], suggesting that the reducing groups of MLD may be responsible 

for the pro-oxidative properties of roasted malts [57]. 

Considering the antioxidant properties of malt, beer oxidative stability and quality, 

the present work aimed at evaluating the effect of MRPs on the overall antioxidant 

potential of malts with different degrees of roasting. Isolation of MRPs was carried out 

according to their molecular weight, by ultrafiltration (UF) and GFC. The antioxidant 

potential was evaluated by different methods, based on the radical scavenging activity 

and reducing power. The metmyoglobin assay and the deoxyribose assay were used to 

assess the antiradical capacity, whereas the ferric reducing antioxidant power (FRAP) 

was applied to evaluate the reducing properties. 
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5.1. Material and methods 

5.1.1. Reagents and standards 

All chemicals used, unless stated otherwise, were of analytical grade or highest 

purity available and were purchased from Sigma-Aldrich (St. Louis, USA). Stock 

standard solutions (1 g/L) of phenolic compounds were prepared by rigorous 

dissolution of the commercial reagent in methanol. Standard solutions were stored at - 

20 °C and used for further dilutions. High-purity water from a Direct-Q 3 UV water 

purification system (Millipore Iberian, Spain) was used for all analyses and glassware 

washing. 

 

5.1.2. Malt samples 

Pale, melano80 and black malts used throughout this work were kindly supplied by 

Os Três Cervejeiros, Lda (Porto, Portugal) and Unicer – Bebidas de Portugal, S.A.  

Characteristics of each malt type, namely the color range and kilning temperature are 

listed in Table 5.1. Malt samples were milled using a laboratory EBC mill (Casela, 

London, UK) and extracted as detailed in section 5.1.3 . 

 

Table 5.1 - Color range and kilning temperatures of the different malt types used in this work 

Malt Color range (EBC units) Kilning temperature (ºC) 

Pale 3.5-5.7 80-85 

Melano80 75-85 130 

Black 1300-1500 230 

 

 

5.1.3. Preparation of malt extracts 

Malt extracts were prepared by mixing 50 g (±1 g) of ground sample and 200 mL of 

water at 45 ºC. The mash was continuously stirred and incubated during 1 h at 45 ºC. 

After extraction the mixtures were cooled to room temperature and more water (at 

room temperature) was added to a final volume of 300 mL. The extracts were then 
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filtered with a Whatman (Maidstone, UK) no. 1 filter paper and freeze-dried (Unicryo 

MC4L system, Progen Scientific, Merton, UK). 

 

5.1.4. Isolation of MRPs from malt extracts 

Ultrafiltration (UF) 

Malt extracts were fractionated by UF in order to isolate MRPs within different 

molecular weight ranges, as represented in Fig. 5.1 . Approximately 100 mg of each 

freeze-dried extract were resuspended in 5 mL of water and subjected to stepwise 

ultrafiltration process using Microsep™ Advance centrifugal devices (Pall, USA) with  

molecular weight cut-offs (MWCOs) of 100, 30 and 10 kDa. The total sample volume (5 

mL) was added to the sample reservoir of the device of 100 kDa, followed by 

centrifugation at 13,500 rpm, during 30 min. More water was added and centrifuged 

again to ensure that all the lowest molecular weight compounds were separated from 

the highest molecular weight compounds. The remaining residue in the sample 

reservoir (HMW fraction) was recovered. The solution in the filtrate receiver was 

applied to the 30 kDa MWCO device and from this to the 10 kDa MWCO. Four 

fractions were collected at the end: one HMW fraction (UF1>100 kDa), two 

intermediate-molecular-weight fractions (IMW, 30<UF2<100 kDa and 10<UF3<30 kDa) 

and one LMW fraction (UF4<10 kDa). All fractions were freeze-dried and stored at -20 

ºC until further use. The quantitatively dominant fractions recovered from each sample 

were subjected to further characterization. 

 

 

Fig. 5.1 – Schematic representation of the isolation of MRPs within different molecular weight ranges by UF. 
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Gel filtration chromatography (GFC) 

The isolation of MRPs was conducted as described in section 4.1.9 

 

5.1.5. MLD standard preparation and quantification 

The MLD standard preparation and quantification was performed as reported in 

section 4.1.11. 

 

5.1.6. Color analysis 

The color of malt extracts and isolated MRPs fractions (1 g/L) was 

spectrophotometrically measured at 420 nm (1 cm path length) against water as blank, 

in a Shimadzu UV-3101 PC spectrophotometer (Kyoto, Japan). 

 

5.1.7. Determination of TPC 

The TPC of malt extracts and isolated fractions was determined by the FC method, 

as described in 4.1.5. The TPC was calculated from a calibration curve, using gallic 

acid (GA) as standard (5-150 mg/L). The results were expressed as mg GA equivalents 

(GAE). 

 

5.1.8. Determination of the in vitro antioxidant capacity 

Ferric reducing antioxidant power (FRAP) 

The assessment of the reducing power was carried out as described in literature 

with minor modifications [186]. The working FRAP solution was prepared daily by 

mixing 25 mL of 30 mmol/L acetate buffer (pH 4.0) with 2.5 mmol/L of 2,4,6-tri(2-

pyridyl)-s-triazine (TPTZ) in  40 mmol/L hydrochloric acid and with 2.5 mL of 20 mmol/L 

ferric chloride. The mixture was incubated at 37 ºC for 15 min. For the analysis, 150 µL 

of sample or standard was added to 2.85 mL of fresh FRAP solution and incubated for 

30 min. Then, the absorbance was measured at 593 nm. A blank was prepared with 
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MP water and FRAP solution, and the difference between blank and sample was used 

to calculate the FRAP value. The reducing power of the samples was determined from 

a calibration curve using Trolox as standard (5-100 mg/L) and the results were 

expressed as mg Trolox equivalents (TE). 

 

Deoxyribose assay 

The scavenging capacity of the malt extracts and isolated fractions towards 

hydroxyl radical was measured by the deoxyribose method described in literature with 

some modifications [45, 187]. The reaction mixture was prepared by mixing the 

following reagents: 400 µL of 25 mmol/L phosphate buffer (pH 7.4), 100 µL of 36 

mmol/L 2-deoxy-D-ribose, 100 µL of 10 mmol/L H2O2, 100 µL of 1 mmol/L EDTA, 100 

µL of 1 mmol/L FeCl3
.6H2O, 100 µL of 1 mmol/L L(+)-ascorbic acid and 100 µL of 

sample. After incubation at 37 ºC for 1 h, the reaction was stopped by adding 1.0 mL of 

0.05 mol/L NaOH and 1.0 mL of 10 % (w/v) TCA. The mixture was heated in a water 

bath at 100 ºC for 20 min. Once samples were cooled, the final volume was adjusted to 

5.0 mL with water. Absorbance was measured at 532 nm against water (Abs 1), and 

compared with different controls: a control with 100 µL of water instead of sample (Abs 

2); a control containing only buffer, deoxyribose and sample (Abs 3); another one with 

all reagents except deoxyribose (Abs 4) and a control containing only buffer and 

deoxyribose to assess natural deoxyribose degradation. Results were expressed as 

inhibition of hydroxyl radical (%) calculated through the equation: 

 

(Equation 5.1) 

 

Metmyoglobin assay 

The Antioxidant Assay Kit was purchased from Cayman Chemical Company (USA), 

and the assay was developed in 96 well plates according to the manufacturer’s 

protocol by adding to each well 10 µL of sample or Trolox (0-200 mg/L), 10 µL of 

metmyoglobin and 150 µL of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 

(ABTS). 50 µL H2O2 was added to the mixture and incubated in a shaker for 5 min at 
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room temperature. Antioxidant capacity was determined at 750 nm using a Powerwave 

XS microplate reader (BioTek, United States) and expressed as mg TE. 

 

5.1.9. Statistical analysis 

All data points are the mean and SD values of at least three independent 

experiments. Differences in means were detected using one-way ANOVA and Tukey’s 

test. The p-value less than 0.05 (p < 0.05) was considered to denote a statistically 

significant difference. 

 

5.2. Results and discussion 

5.2.1. MRPs isolated from malt extracts by UF and GFC 

MRPs formed during kilning/roasting were isolated from different malt extracts by 

UF and GFC to further characterize the MRPs molecular weights as well as the 

influence of these compounds on the color and the antioxidant potential. As shown in 

Fig. 5.2, two groups of MRPs with very different MW were clearly found. Pale and 

melano80 malts were characterized by LMW colorants (< 10 kDa, fractions 21 to 26). 

Black malt MRPs belong to two different groups: one with HMW (> 300 kDa, fractions 2 

to 5) and the other with LMW (< 10 kDa, fractions 21 to 26). These results were 

confirmed by the UF technique (Table 5.2) which indicated that the three malt types are 

characterized by a light brown colored (Table 5.3) LMW fraction (<10 kDa, UF4).  This 

fraction was mainly present in pale malt (92.4 %, w/w) and melano80 (89.1 %, w/w), as 

can be seen in Table 5.2.  An HMW fraction (>100 kDa, UF1) was also isolated from 

black malt extract (39.2 %, w/w) with an intense brown color (Table 5.3). This is in 

accordance with other works in which roasted malts are characterized by HMW 

compounds with more than 60 kDa [35], 100 kDa [27]  and 300 kDa [16], while LMW 

compounds (<10 kDa) are dominant in pale malts [35].  
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Fig. 5.2 - MW ranges, MLD content and FRAP for the 30 fractions isolated from the malt extracts by GFC. 

 

The MLD content for black malt was 10-fold higher in HMW fractions (maximum of 

1027 mg/L MLD in fraction 3) than in LMW fractions (maximum of 113 mg/L MLD in 

fraction 23). The two groups of MRPs isolated from black malt are identified from now 

on as HMW MLD and LMW colorants, respectively.  

 

Table 5.2 - Fractions obtained by ultrafiltration of the different malt extracts. Each fraction was freeze-dried after 

extraction and the yield of compounds within the different MW ranges was determined in each sample 

Fraction 

Yield (%, w/w) 

Pale Melano80 Black 

UF1 > 100 kDa 1.7 2.3 39.2 

30 < UF2 < 100 kDa 3.4 2.3 0.8 

10 < UF3 < 30 kDa 2.5 6.2 2.4 

UF4 < 10 kDa 92.4 89.1 57.6 
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As expected, the roasting process led to an increase of the MLD content. The 

higher kilning temperatures during black malt production led to a clear increase of the 

content of HMW MLD (fractions 2 to 5, Fig. 5.2), as evidenced by the amount of 

isolated HMW UF1 fractions (1.7 % w/w in pale malt, 2.3 % w/w in melano80 malt and 

39.2 % w/w in black malt, Table 5.2).  The intense brown color of this fraction (1.32 ± 

0.06) compared to the Black UF4 (0.11 ± 0.02), as shown in Table 5.3, clearly 

demonstrated that the HMW MLD compounds are the main responsible for the non-

enzymatic browning attributed to the Maillard reactions. This suggests that MLD could 

be formed by polymerization of LMW colorants during roasting, since the yield of LMW 

colorants in black malt (Black UF4) concomitantly decreases with the formation of 

HMW MLD (Black UF1), as can be seen in Table 5.2. In fact, during prolonged roasting 

LMW MRPs can polymerize and cross-link to produce MLD in late stages, as 

previously postulated [27, 188, 189]. 

 

Table 5.3 - MLD content and color of the fractions obtained by UF. The results are expressed as means ± SD of three 

measurements. Results with different superscript letters are statistically different (p < 0.05) 

 Pale Melano80 Black 

 
UF4 UF4 UF1 UF4 

Color 

 (Abs420 nm) 
0.010 ± 0.001 

a
 0.12 ± 0.02 

b 
1.32 ± 0.06 

c 
0.11 ± 0.02 

b 

MLD content (mg/L)
 

0.7 ± 0.1 
a 

3.7 ± 0.4 
b 

67.9 ± 0.5 
d 

28.4 ± 0.8 
c
 

    Aqueous solutions of 1 g/L 

 

5.2.2. Relationship between MLD content and FRAP 

MLD have been characterized by strong reducing properties that may offer 

substantial health-promoting activity as recently demonstrated in vitro [37]. Thus, the 

contribution of isolated MRPs fractions to the FRAP of malt extracts was evaluated. 

The results presented in Fig. 5.3 A for malt extracts confirmed that the reducing power 

is higher for black malt crude extract, although very similar to the melano80 crude 

extract. The same results have been recently reported by Čechovská et al. [13].  
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Fig. 5.3 - Antioxidant potential of malt extracts and isolated fractions by UF, assessed by the FRAP assay (A), the 

metmyoglobin assay (B) and the deoxyribose assay (C). Bars represent mean ± SD (n = 3) and the different superscript 

letters represent differences considered statistically significant (p < 0.05). 
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Pale malt exhibited a FRAP of approximately 20 mg TE/L, while melano80 and 

black malts around 70 mg TE/L. A linear correlation between the color (at 420 nm) of 

the extracts and the MLD content was found (r2 = 1), as the  MLD content varied from 

0.6 mg/L in pale malt (kilning temperature 80-85 ºC) to 77.8 mg/L in black malt (kilning 

temperature 230 ºC) (Table 5.4). Black UF1 showed a 5-fold higher (p < 0.05) FRAP 

than Black UF4. In accordance, HMW fractions isolated by GFC (Fig. 5.2) from black 

malt extract (fractions 2-5) exhibited approximately 4-fold higher FRAP than LMW 

(fractions 21-26).  

Regarding the pale and melano80 malts, MRPs isolated by GFC revealed that 

these malt types are only characterized by LMW colorants, contributing to a maximum 

FRAP of 20 mg TE/L in pale malt and 80 mg TE/L in melano80 malt (fractions 23, Fig. 

5.2). Although also present in pale malt, LMW and IMW colorants are mainly found in 

melano80 malt (yield of 6.2 % w/w and 89.1 % w/w for UF3 and UF4 fraction, Table 

5.2), which can explain the higher  FRAP observed for the melano80 malt crude extract 

(Fig. 5.3 A). 

 

Table 5.4 - Color, TPC and MLD content of pale, melano80 and black malts. The results are expressed as means ± SD 

of three measurements. Results with different superscript letters in each line are statistically different (p < 0.05) 

 Pale Melano80 Black 

Color 

(Abs420 nm) 
0.014 ± 0.001 

a
 0.11 ± 0.02 

b 
0.65 ± 0.02 

c 

MLD content (mg/L)
 

0.6 ± 0.1 
a 

11.9 ± 0.6 
b 

77.8 ± 0.5 
c 

TPC (mg GAE/L)
 

6.7 ± 0.3
 a
 26.9 ± 0.4

 b
 27.8 ± 0.3

 b
 

Aqueous solutions of 1 g/L 

 

It was therefore demonstrated that the heat-induced HMW MLD can be referred as 

the main responsible for the reducing properties of roasted malts associated with high 

kilning temperatures, which is in accordance with other reports [75, 190]. Besides, the 

LMW and IMW colorants may also act as reducing (antioxidant) compounds.  
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5.2.3. Influence of MRPs on the antioxidant capacity of malt extracts 

The contribution of MRPs isolated by UF to the total antioxidant capacity of malt 

extracts was investigated through two different in vitro assays (metmyoglobin and 

deoxyribose assays) based on different radical formation systems. 

The results represented in the Fig. 5.3 B show that the black malt crude extract 

exhibits a statistically significant (p < 0.05) higher radical scavenging capacity (168 ± 8 

mg TE/L) compared to pale and melano80 malts (6-fold and 2-fold higher, respectively) 

by the metmyoglobin assay. The higher antioxidant capacity determined by the 

metmyoglobin assay for the black malt can be mainly attributed to the HMW MLD, 

since the TPC was similar to that observed for melano80 malt extract (Table 5.4) and 

black malt exhibited a 3-fold higher content in MLD than melano80 malt (Table 5.4). 

Some works reported that the antioxidant capacity can increase during malting and 

kilning not only by modification or release of phenolic compounds, but also because the 

formation of other compounds during Maillard reaction [22, 24, 62]. In fact, Black UF1 

fraction exhibited 3-fold higher (p < 0.05) antioxidant capacity by the metmyoglobin 

assay than LMW colorants (Black UF4) (Fig. 5.3 B). In accordance, other authors 

demonstrated that MLD revealed higher antioxidant capacity by the peroxyl, AAHP and 

ABTS assays as well [66, 183, 184].  

The antioxidant capacity of malt extracts was also evaluated by the capacity to 

scavenge hydroxyl radicals using the deoxyribose assay. Pale malt crude extract 

revealed a hydroxyl radical scavenging of 60 %, while melano80 and black malts were 

able to inhibit deoxyribose degradation induced by hydroxyl radicals in 43 and 32 %, 

respectively (Fig. 5.3 C). The scavenging activity towards hydroxyl radical decreases 

with the MLD content (Table 5.4), contrasting with the results obtained by the 

metmyoglobin assay. Black UF1 fraction was responsible for 32.2 % hydroxyl radical 

scavenging whereas Black UF4 for 58.8 % (Fig. 5.3 C). This is in accordance with 

other results where the antioxidant capacity using the ABTS and the DMPD assays 

decreased with the increase of browning and MLD content [71, 191, 192].  

Comparing the effect of HMW MLD and LMW colorants on the antiradical capacity 

by the deoxyribose assay, the HMW fraction displayed almost 2-fold lower capacity 

than the LMW fraction (p < 0.05). LMW fractions (UF4) displayed nearly the same 

hydroxyl scavenging capacity in all malt types (around 50 %) (Fig. 5.3 C). It was thus 

demonstrated that HMW MLD may be responsible for the antioxidant properties of the 
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malt, protecting against radicals. However, HMW MLD may also exert pro-oxidative 

potential, leading to an increase of the hydroxyl radical formation.  

Hence, it is essential to compare the radical formation system of each assay in 

order to understand the mechanism involved in the antioxidant activity, since different 

mechanisms can be operating in the different methods giving different information 

about the overall antioxidant capacity of malt extracts. The principle of the 

metmyoglobin assay is based on the formation of a ferryl myoglobin radical from 

metmyoglobin and hydrogen peroxide, which oxidizes the ABTS to produce a radical 

cation (ABTS°+). The antioxidant mechanism involved is related to the ability of the 

compounds to suppress the production of the radical cation. On the other hand, the 

deoxyribose assay is based on a Fenton type radical production. The interaction of iron 

ions with hydrogen peroxide leads to the formation of hydroxyl radicals. The pentose 

sugar 2-deoxyribose is oxidized by hydroxyl radicals and the antioxidant capacity is 

evaluated by the capacity to inhibit hydroxyl-mediated deoxyribose degradation.  

According to our results, HMW MLD can be responsible for reducing Fe3+ to Fe2+, 

leading to an increase of hydroxyl radicals, imparting a pro-oxidant effect as mentioned 

in other works [185]. As already known, the antioxidant capacity of the MLD is usually 

associated to the metal chelating properties (due to its anionic nature) and also to its 

strong reducing power [37, 193]. In fact, Sovrano and co-workers [75] suggested that 

compounds present in roasted malts exhibit antioxidant capacity towards both radical 

species and non-radical species, since roasted malts had low antiradical properties but 

high reducing capacity. Hence, the kilning process is responsible for a decrease of the 

antioxidant capacity of black malt in a Fenton type radical system, as a result of an 

increase of the MLD content. In addition, the effect of HMW MLD could also be related 

with the structure of these compounds. In fact, the polymerization process during MLD 

formation can involve reactive groups with radical scavenging, leading to a decrease in 

radical scavenging capacity during roasting process [29].  

 

5.3. Conclusions 

Black malt crude extract and Black UF1 fraction, rich in HMW MLD, showed greater 

capacity to scavenge radicals by the metmyoglobin assay. However, using the 

deoxyribose assay, a Fenton type radical system production, a decrease on the 
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antiradical capacity with the development of HMW MLD was observed. This is 

explained by the higher reducing power of MLD demonstrated by the FRAP assay, 

which can induce the catalytic transformation of H2O2 into hydroxyl radicals in the 

presence of Fe3+. Regarding the LMW compounds, the main MRPs fractions both in 

pale and melano80 malts, similar antioxidant and reducing properties were observed 

for the three malt types investigated. This suggests that the LMW colorants formed 

during the initial steps of the Maillard reaction have identical structure and composition. 

In the late stages of Maillard reaction the polymerization of LMW into HMW MLD 

occurs, reason why roasting led to a decrease of the LMW colorants content and a 

corresponding increase of the HMW MLD content observed in black malt.
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6.  High molecular weight compounds 

generated by roasting barley malt are pro-

oxidants in metal-catalyzed oxidations 

 

MLD are important for the quality and characteristics of many types of foods and 

beverages, not only due their color and aroma, but also due to their health benefits and 

antioxidant properties [32, 67, 68]. Actually, the roasting process and color 

development have been reported to be responsible for an increase of the antioxidant 

activity of roasted malts [22].  MLD may have a positive effect on the oxidative stability 

of wort and beer due to their metal-chelating properties, reducing power and radical 

scavenging capacity [32, 37, 51]. 

However, MLD can also exert a pro-oxidant effect, leading to increased levels of 

radicals in systems where iron- and copper-catalyzed Fenton reactions are important 

[34, 53, 74]. As previously demonstrated (section 5), MLD are responsible for an 

increase of radical levels involving iron-catalyzed Fenton reaction. MLD have been 

suggested to be good reductants, thereby being able to reduce catalytic amounts of 

ferric ions to ferrous ions which generate hydroxyl radicals by the Fenton reaction. 

Besides, it has been also demonstrated that MLD [71] and stout beer [73] were able to 

quench radicals in the Fenton reaction assay, but were not able to reduce Fe3+ to Fe2+ 

and induce the formation of radicals in a Fenton based model system.  

The purpose of this research was to study competition between anti and/or pro-

oxidant properties of malts with different degrees of roasting (pilsner, melano and 

black), in an iron-catalyzed Fenton assay, in order to acquire additional knowledge 

regarding the mechanisms behind the effect of roasted malts on beer quality. HMW 

browning compounds were isolated from black malt by GFC and the molecular mass 

distribution has been characterized using light-scattering. The radical scavenging 

capacity was assessed by ESR spectroscopy to evaluate the competition between pro- 

and antioxidants effects in the samples. The influence of different worts and HMW 

fractions on the oxidative stability of model beer involving the Fenton reaction was 

further evaluated by measuring the uptake of O2. 
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6.1. Material and methods 

6.1.1. Reagents and samples 

Pilsner (EBC 3-5), melano (EBC 60-80) and black (EBC 1300-1500) barley malts 

were obtained from Maltbazaren (Rødovre, Denmark). Absolute ethanol, 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO), N-tert-butyl-α-phenylnitrone (PBN), L-ascorbic 

acid (sodium salt) and sodium acetate trihydrate were purchased from Sigma 

(Steinheim, Germany). Hydrogen peroxide (30 %), iron(II) sulfate heptahydrate, sodium 

hydroxide pellets and acetic acid (glacial) were purchased from Merck (Darmstadt, 

Germany). Sodium chloride was obtained from Riedel-de-Häen (Seelze, Germany). 

D2O (99 % isotopic enrichment) and sodium salt of 3-(trimethylsilyl)propionic-2,2,3,4-d4 

acid (TSP-d4) were acquired from Sigma-Aldrich (St. Louis, MO, USA). All chemicals 

were of analytical grade or highest possible purity. Water was purified trough a Milli-Q 

water purification system (Millipore, Billerica, USA). 

 

6.1.2. Mashing 

The EBC congress mashing (European Brewery Convention) was carried out on a 

LG-automatic MA-001 fully automatic masher (LG-automatic aps, Frederiksværk, 

Denmark) as described in Production of EBC Congress worts [173]. 50.0 g (±1 g) of 

milled malt were mashed at 45 ºC in 200 mL of distilled water for 30 min, followed by 

an increase in temperature of 1 ºC per min up to 70 ºC. Then, 100 mL of distilled water 

at 70 ºC was added. The temperature was held at 70 ºC for 60 min (saccharification 

rest). After this step, mash was cooled to room temperature and wort samples were 

collected. Distilled water was added to adjust volume (final volume of 300 mL) and the 

mash was subsequently filtered through an open-foldered filter (MN 614 Macherey-

Nagel filters, Düren, Germany). Samples were analysed directly after filtration or frozen 

at -18 ºC until analysis. 

 

6.1.3. Fractionation of wort by GFC 

Wort samples were filtrated trough a 0.2 µm Minisart syringe filter (Sartorius 

Stedim, Göttingen, Germany) and fractionated by GFC using an ÄKTA FPLC system 

(Pharmacia LKB Biotechnology AB, Uppsala, Sweden) mounted with a column packed 
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with Superdex™ 30 prep grade gel filtration resin (2.6 x 61 cm; Amersham 

Biosciences, Hillerød, Denmark). Two milliliters of wort were injected and eluted with 

0.1 mol/L sodium acetate buffer, pH 5.0, at a flow rate of 2.5 mL/min. The eluate was 

monitored at 280 nm. Fractions of 10 mL were collected using an automatic fraction 

collector (FRAC-900, Amersham Biosciences, Uppsala, Sweden) and pooled according 

to the elution profile.  The fractions were then concentrated 20 times, at room 

temperature, using a miVac modular centrifugal vacuum concentrator (Genevac Ltd, 

Suffolk, UK) and frozen at -18 ºC until analysis. The elution times of six standards with 

different molecular weights (bovine serum albumin, cytochrome C, ribonuclease A, 

insulin, (H-cystein-tyrosine-OH)2 and L-trytophan; approximately 0.25 mg/mL of each) 

were used to make a calibration curve and determine the size range of the compounds 

isolated in each fraction. 

 

6.1.4. Color determination 

Color was determined spectrophotometrically on a Varian Cary 3 UV-Visible 

spectrophotometer (EUA) according to Analytica EBC [173]: 

C = 25 · f · Abs430 nm (Equation 6.1) 

Where C is the color in EBC units, f is the dilution factor, A430 nm is the absorbance 

at 430 nm, and 25 is a multiplication factor.  The color of the fractions isolated by GFC 

was measured in 96-well plates using a TECAN GENios PLUS microplate reader 

(Tecan Group Ltd., Männedorf, Switzerland). 

 

6.1.5. Size determination by static light scattering in combination with GFC 

The setup consisted of a LC10AD HPLC pump (Shimadzu, Kyoto, Japan) running 

the sample through  Superose 6 and  Superdex 200 columns (GE Healthcare) in 

series, then through a Dawn EOS multi angle light scattering instrument (Wyatt 

Technology, Santa Barbara, CA, USA) with a K5 flow cell and finally through a RID10A 

differential refractometer (Shimadzu, Kyoto, Japan). The light scattering instrument was 

calibrated using the controlling software, Astra 4.73.04, by running BSA (100 µL, 5 
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mg/mL) through the column using a phosphate buffer pH 7.0 with 60 mmol/L NaCl as 

eluent. The BSA monomer peak was assigned a molecular mass of 66,400 g/mol and a 

refractive index increment of dn/dc = 0.185 mL/g. 

The eluent used for the measurements of the wort samples was a 0.1 mol/L sodium 

acetate buffer, pH 5.0 with 60 mmol/L NaCl. The samples were filtered through 0.22 

µm Millex GV syringe filters (Millipore) and diluted in the eluent as follows: 1:2 for 

pilsner wort, no dilution for melano wort and 1:5 for black wort. 100 µL of sample were 

loaded on the column and eluted at 0.5 mL/min. The molecular mass (and the radius of 

gyration) corresponding to each point of the elution profile was calculated using the 

Astra software assuming the refractive index increment of the species that elute to be 

dn/dc = 0.145 mL/g, typical of polysaccharides. 

 

6.1.6. ESR detection of spin adducts based on the Fenton reaction 

ESR detection of spin adducts was carried out according to the assay described by 

Rødtjer et al. with some modifications [194].  3.7 mL of PBN (31 mmol/L) in an aqueous 

ethanol solution (5.8 %, v/v) was mixed with 20 µL of FeSO4 (22 mmol/L in water) and 

200 µL of samples to be analysed. As a reference, 200 µL Milli Q water was added 

instead of sample. The reaction was initiated by adding 80 µL of H2O2 (24 mmol/L in 

water). The concentration of H2O2 was confirmed spectrophotometrically (ɛ240 = 39.4 

L/mol cm).[195] The mixture was gently mixed, incubated for 2 min at room 

temperature and transferred to 50 µL ESR quartz capillary micropipettes (Blaubrand 

IntraMARK, Brand GmbH, Wertheim, Germany). Loaded micropipettes were sealed in 

one end and placed in the ESR cavity. ESR spectra were recorded on a JEOL JES-

FR30 ESR spectrometer (JEOL Ltd, Tokyo, Japan) using the following instrument 

settings: 4 min sweep time, 4 mW microwave power, 9.41 GHz microwave frequency 

and 0.1 mT modulation amplitude. The amplitude of the spectra was measured as the 

height of the central doublet relative to the height of the ESR signal of an internal Mn2+ 

standard attached to the ESR cavity. ESR spectra of an aqueous TEMPO solution 

were recorded each day to eliminate day-to-day variation. 
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6.1.7. Dissolved oxygen measurements 

The O2 content was determined in mixtures of 2 mL of an aqueous ethanol solution 

(5.8 %, v/v) with 20 µL of FeSO4 (11 mmol/L in water) and 100 µL of sample to be 

analysed, added by this order. For a reference, 100 µL Milli Q water was added instead 

of sample. The mixture was gently mixed in a 2 mL MicroRespiration Chamber 

(Unisense), immersed in a water bath at 25 ºC and the O2 content was measured 

during 90 min through a thin capillary in the chamber lid with a Clark-type 

amperometric O2 microsensor connected to a PA2000 Picoammeter instrument 

(Unisense, Aarhus, Denmark). The apparatus calibration was developed by using an 

aqueous ethanol solution (1 mol/L) saturated with aerial O2 (100 % O2 content) and a 

0.1 mol/L L-ascorbic acid solution in 0.1 mol/L NaOH for 0 % dissolved O2, using the 

following instrument settings: 2000 pA range and -0.80 V polarization. 

 

6.1.8. High-field nuclear magnetic resonance 

Samples for high-field liquid state NMR were prepared by mixing 495 μL of sample 

with 55 μL of D2O containing 5.8 mmol/L TSP-d4. Liquid-state 1H NMR experiments 

were carried out using a Bruker Avance DRX-500 (11.7T) spectrometer (Bruker 

Biospin, Rheinstetten, Germany) operating at Larmor frequency of 500.13 MHz. All 

experiments were conducted at a sample temperature of 25 °C using a double-tuned 

BBI (Broad Band Inverse detection) probe equipped for 5 mm (o.d.) NMR tubes. 

Experiments were performed using the zgcppr pulse sequence (pre-saturation followed 

by a composite 90° pulse) employing a recycle delay of 5 s, 64 scans, a spectral width 

of 10 kHz and an acquisition time of 1.639 s. Chemical shifts were referenced to TSP-

d4 at 0.0 ppm (internal reference). 

 

6.1.9. Statistical analysis 

Results are expressed as means ± SD of at least three independent experiments. 

Differences in means were detected using one-way ANOVA and Tukey’s test. A p-

value less than 0.05 (p < 0.05) was considered to indicate a statistically significant 

difference. 
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6.2. Results and discussion 

6.2.1. Radical quenching capacity of worts in a Fenton system 

Hydroxyl radical formation mediated by the Fenton reaction is extremely important 

in the beer aging process, leading to off-flavors and consequent beer quality 

deterioration [10, 39]. The reaction is catalyzed by ferrous ions (Fe2+), which reduce 

peroxides to hydroxyl radicals (equation 6.2). The highly reactive hydroxyl radicals 

react immediately with ethanol (the second most abundant constituent in beer after 

water) forming α-hydroxyethyl radicals (equation 6.3). 

Fe2+ + H2O2 + H+  Fe3+ + •OH + H2O (Equation 6.2) 

•OH + CH3CH2OH  CH3•CHOH + H2O (Equation 6.3) 

The quantification of radicals was achieved by the addition of the spin trap PBN. 

The α-hydroxyethyl radicals are trapped by PBN (equation 6.4) or may react with 

antioxidants (AOH) present in the sample, generating ethanol and a semi-inert 

antioxidant radical (equation 6.5) [194]. 

CH3•CHOH + PBN  PBN / CH3•CHOH (Equation 6.4) 

CH3•CHOH + AOH  CH3CH2OH + AO• (Equation 6.5) 

The spin adduct (PBN / CH3•CHOH) was detected by ESR, and was used as an 

indicator of anti or pro-oxidant activity of the added samples. A decrease of the spin 

adduct signal is representative of an antioxidant activity due to a scavenging of short-

lived radicals by antioxidants present in the sample. An increase of the intensity of the 

signal, on the other hand, is representative of a pro-oxidant effect, as a result of an 

induction of radical formation in the Fenton system. This model was used to evaluate 

the antioxidant capacity of different wort samples (pilsner, melano and black) in a 

model beer (5.8 % ethanol), in order to evaluate the influence of different malts on the 
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oxidative stability of beer. The influence of the addition of different worts on the level of 

spin adducts was evaluated by ESR. The obtained ESR spectra consisted of a triplet of 

doublets with hyperfine coupling constants aN = 16.0 G and aH = 3.3 G, which agreed 

with PBN spin adducts of α-hydroxyethyl radicals (equation 6.4). The quantification of 

spin adducts was performed by measuring the intensity of the second doublet (Fig. 

6.1). 

 

Fig. 6.1 - ESR signals of pilsner, melano and black worts directly added to an aqueous ethanol solution (5.8 %, v/v) 

containing 31 mmol/L PBN, 110 µmol/L Fe
2+

 and 480 µmol/L H2O2. The control spectrum was obtained with water 

instead of wort. Spectra have been recorded with 1 accumulation. 

 

All the types of wort samples decreased the level of spin adducts in all of the range 

of concentrations tested (varying from 0 to 5 % v/v), indicating that all malt types were 

able to scavenge radicals in an iron-catalyzed Fenton reaction, showing an overall 

antioxidant capacity (Fig. 6.2). The addition of pilsner and melano worts directly in the 

Fenton assay (5 % wort) led to a decrease of approximately 70 % of the level of spin 

adducts compared to the control (Fig. 6.2). Black wort also gave a reduction of the 

formation of spin adducts (approximately 40 %), however the antioxidant effect was 

approximately 2-fold lower than that found for pilsner and melano malts (Fig. 6.2). As 
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previously reported, the antioxidant capacity is related with the color and roasting 

degree of malt samples, whereas the roasted malts in a Fenton assay seemed to have 

more pronounced pro-oxidative than antioxidant property, compared to pale malts [34, 

53, 73]. 

 

Fig. 6.2 - Effect of different wort content (from 0 % to 5 %) on the formation of PBN spin adducts in the Fenton assay. 

The level of spin adducts formed in a control experiment without addition of sample but in the presence of oxidizing 

Fenton reactants (H2O2 and FeSO4) was considered 100 %. Bars represent mean ± SD. 

 

For lower content of wort (less than 0.75 %), the ESR signal was lower for melano 

malt than for pilsner and black malts, indicating that the melano malt type is more 

effective in scavenging radicals at lower concentration (Fig. 6.2). For wort content 

higher than 0.75 %, the intensities of the ESR signals were similar for melano and 

pilsner malts, indicating a very similar antioxidant capacity for both malts. On the other 

hand, black malt gave the lower antioxidant capacity (higher levels of spin adducts) for 

wort content higher than 0.75 %, whereas the minimum content of spin adducts was 

obtained for approximately 4.0 % of wort. As shown in Fig. 6.2, the quantity of spin 

adducts increases slightly for wort content of black malt higher than 2 %, compatible 

with an overall pro-oxidant effect due to a dominating induction of radical formation.  
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6.2.2. Pro-oxidant capacity of black malt 

Black malt exhibited the lower radical quenching capacity compared with pilsner 

and melano malts in a Fenton based model beer system as determined by spin 

trapping and ESR detection. In order to investigate a possible pro-oxidant effect 

induced by black malt, the different worts were added to the Fenton assay in the 

absence of H2O2 and/or the catalyst (Fe2+). In the absence of Fe2+ (conditions without 

reactants and only with H2O2) no significant differences were observed in the formation 

of spin adducts between the control and wort samples (Fig. 6.3). However, in the 

presence of Fe2+, black malt was responsible for an increase of spin adducts (almost 3-

fold) compared to the control. These results ascertain an overall pro-oxidant effect of 

black malt in the presence of Fe2+ and atmospheric O2, intensifying the radical 

formation by the Fenton reaction. Oxygen may react with Fe2+ present in the mixture to 

generate hydrogen peroxide (equations 6.6 and 6.7) and trigger the formation of 

radicals by the Fenton reaction (equation 6.2), which could explain the higher intensity 

of ESR signals in the presence of Fe2+.  

O2 + Fe2+  O2
• - + Fe3+ (Equation 6.6) 

2 O2
• - + 2 H+  H2O2 + O2  (Equation 6.7) 

 

These results suggest that compounds present in black malt are able to quench 

radicals, but also to induce the formation of hydroxyl radicals by a mechanism involving 

the reduction of Fe3+ to Fe2+, available for new oxidation processes. This is in 

accordance with previous studies where roasted malts were able to induce a pro-

oxidant effect in a Fenton system, due to the reduction of iron and the generation of 

hydroxyl radicals [34, 53, 185]. The high reducing power of dark malt can be attributed 

to Maillard reaction and formation of MRPs during roasting [13]. 
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Fig. 6.3 - Influence of worts on the intensity of ESR radical signal on the presence of oxidizing Fenton reactants. Results 

are expressed as mean ± SD. Different superscript letters indicate significant differences (p < 0.05). 

 

 

6.2.3. Isolation of HMW compounds from black malt 

The induction of radical formation by the addition of black malt can be attributed to 

the roasting process and the development of HMW compounds during the Maillard 

reaction. For this reason, the worts produced from different malt types were 

fractionated by GFC in order to characterize the compounds developed during roasting. 

All worts were mainly characterized by LMW compounds between 6 x 102 and 5 x 103 

g/mol. An additional region of HMW compounds was only found in black malt 

(represented as fractions from F1 to F6 in Fig. 6.4 A) with more than 104 g/mol and an 

intense brown color (Table 1). As these compounds have been identified as possible 

contributors for the pro-oxidant effects observed for dark malt [34], the HMW fractions 

were here isolated from black wort and further analysed to evaluate their effect on a 

Fenton assay. 
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Table 6.1 - EBC color of HMW fractions isolated from black wort. The values are presented as mean ± SD of three 

measurements 

Fraction 
Color 

(EBC units) 

F1 0.25 ± 0.02 

F2 9.77 ± 0.03 

F3 59.0 ± 0.1 

F4 19.65 ± 0.06 

F5 3.96 ± 0.02 

F6 2.34 ± 0.02 

 

6.2.4. Size determination by light scattering 

The size of the compounds present on black malt was further examined by 

combining GFC with static light scattering. The chromatogram of the eluted 

concentration from dark wort and the obtained molar mass determined by light 

scattering are represented in the Fig. 6.4 B. The molecular mass of HMW compounds 

was determined in the range of 4 x 106 and 108 g/mol (Fig. 6.4 B and C). The obtained 

results show that black wort contained two groups of compounds, one group of HMW 

compounds (average of 107 g/mol) and a group of LMW (average of 104 g/mol). These 

compounds are products of complex polymerization reactions, resulting in HMW 

browning compounds. Jehle et al. have also demonstrated the presence of a water-

soluble stable radical in dark beers and dark malt, referred as a MLD-derived radical 

with a molecular weight of approximately 106 - 108 g/mol [36]. 

This is in accordance with previous results, demonstrating that pale malts were 

characterized by LMW compounds with less than 103 g/mol and roasted malts by HMW 

compounds with an intense brown color and a molecular weight higher than 3 x 105 

g/mol [16, 34]. 
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Fig. 6.4 - (A) Size exclusion chromatogram (Superdex 30 column) of black wort samples (detection at 218 nm). The 

fractions identified in the chromatogram (F1 to F6) are representative of HMW browning compounds identified in black 

malt. (B) Overlay of the concentration of eluted black wort peaks and the molecular mass obtained by light scattering. 

(C) Representation of the molecular mass distribution of the sample by arrangement of the data represented in panel B. 

Black wort sample (diluted 1:5) was separated on a Superose 6 and Superdex 200 columns in series at 0.5 ml/min. 
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6.2.1. Influence of HMW compounds on radical formation in a Fenton system 

The fractions containing HMW compounds isolated from black malt were then 

analysed by ESR in a Fenton assay in order to evaluate the antioxidant capacity of 

these compounds and their influence on the overall antioxidant capacity of malt.  

As shown in the Fig. 6.5, HMW fractions isolated from black malt (fractions F1 to F6 

in Fig. 6.4 A) were responsible for generation of radicals in the Fenton assay. The 

fraction F3, with an intense brown color (Table 6.1), was responsible for an 

approximately 40 % increase of radicals, in the presence of Fe2+ and H2O2.  
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Fig. 6.5 - Effect of HMW fractions isolated from black wort in the formation of spin adducts dependent on the presence 

of oxidizing Fenton reactants. Bars represent mean ± SD. Different superscript letters indicate significant differences (p 

< 0.05). 

 

These results are compatible with a pro-oxidant effect, as the radical content is 

higher than in the control, indicating that these HMW compounds are responsible for an 

induction of radical formation in the Fenton assay involving the presence of iron. It has 

been previously reported that black malt was responsible for a lower hydroxyl radical 

scavenging in a Fenton system, compatible with a mechanism involving the reduction 

of iron and consequent increase of hydroxyl radicals [34]. A stronger radical generation 
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of very reactive radicals (OH•) can be observed in the wort and beer matrix from special 

malts, due to a rapid reduction of Fe3+ to Fe2+ [74]. The isolated HMW compounds 

should be similar to reductones formed during Maillard reaction, since both exhibit a 

pro-oxidant activity in a Fenton reaction, reducing iron and leading to the oxidation of 

peroxides and formation of reactive radicals. However, Morales has proposed that 

HMW compounds are not able to reduce Fe3+ to Fe2+ [71]. Our results demonstrate that 

although black malt was able to decrease the levels of radicals generated by the 

Fenton reaction (Fig. 6.2), HMW compounds isolated from black malt were able to 

induce the formation of radicals (Fig. 6.5), leading to a decrease of the overall 

antioxidant capacity of roasted malt wort. Nøddekær et al. have demonstrated that 

caramelisation products generate radicals in the presence of peroxides due to the 

reduction of Fe3+ to Fe2+ [73].  Cortes et al. have also demonstrated that dark malt 

kilned at high temperatures led to the generation of higher content of radicals and a 

lower oxidative stability of wort and beers [11]. 

 

6.2.2. Uptake of O2 in the Fenton reaction 

The involvement of HMW compounds in oxidative processes and their capacity to 

trigger oxidative reactions and consequent radical formation in a typical beer system 

was evaluated by monitoring the levels of O2 in solution. For this purpose, worts 

obtained from different malt types as well as HMW fractions isolated from black malt 

were added to an aqueous ethanolic solution (5.8 %, v/v) with Fe2+ and the O2 levels 

were monitored for an established time. O2 can be consumed during the Fenton phase 

of ethanol oxidation [42], producing hydrogen peroxide from hydroperoxyl radical 

(equations 6.7 and 6.8).  

O2 + CH3•CHOH  CH3•COO•HOH  CH3CHO + HO2• (Equation 6.7) 

2 HO2•  O2 + H2O2 (Equation 6.8) 
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The results presented in the Table 6.2 show that black malt was responsible for the 

highest oxygen level uptake (12.2 %), while pilsner and melano worts were responsible 

for an oxygen level uptake of 6.9 and 10.2, respectively. This is in accordance with the 

lower radical scavenging capacity for black wort assessed by ESR (Fig. 6.2 and Fig. 

6.3) and compatible with an increase of oxidative reactions involving the Fenton 

reaction. The fraction F3 was responsible for a decrease of 10.5 % of the dissolved 

oxygen (Table 6.2), which is compatible with the results obtained by ESR and the 

increase of the levels of radicals due to a mechanism involving the reduction of Fe3+ to 

Fe2+ (Fig. 6.5).  

 

Table 6.2 - Oxygen uptake of worts (pilsner, melano and black) and HMW fractions isolated from black malt, in the 

presence of Fe
2+

 (110 µmol/L) added initially to an aqueous ethanolic solution (5.8 %, v/v). The values are presented as 

the mean of O2 uptake ± SD 

Sample O2 uptake (%) 

Pilsner 6.9 ± 0.9 

Melano 10.2 ± 0.1 

Black 12.2 ± 0.2 

Black malt 

HMW fractions 

F1 0.6 ± 0.5 

F2 2.3 ± 0.3 

F3 10.5 ± 0.6 

F4 4.3 ± 0.8 

F5 2.6 ± 0.3 

F6 1.5 ± 0.1 

 

The strong reduction properties of MRPs have been reported to result in generation 

of very reactive radicals of oxygen species observed in the wort and final beer [74]. 

Altogether, the results prove that iron is fundamental in the pro-oxidative effects of 

HMW browning compounds, resulting in an acceleration of oxygen uptake leading to a 

higher radical generation in wort. The quantity of dissolved oxygen has been shown to 

clearly decrease in the presence of black malt and HMW fractions isolated from black 
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malt, compatible with higher levels of radicals in the Fenton assay determined by ESR 

in presence of Fe2+.  

 

6.2.3. High field nuclear magnetic resonance 

In order to acquire information about the structure of the HMW fractions isolated 

from black malt, the most intense brown fractions (F2-F6) were analysed by 1H NMR 

spectroscopy (Fig. 6.6). In the 1H NMR spectra the most intense resonances originate 

from the partly suppressed acetate (1.8 - 2.2 ppm). Overall, the 1H NMR spectra 

revealed the HMW compounds isolated in black malt are mainly maltodextrins (as 

highlighted in Fig. 6.6). It has been reported the occurrence of sugar-sugar 

caramelization during malt roasting, involving aldolization/dehydration products of 

sugars,  which may or may not be attached to proteins or other sources of amino 

groups  [38]. In fact, Maillard reaction under water-free conditions can induce the 

incorporation of a significant amount of di- and oligomer carbohydrates into the MLD 

skeleton, as complete oligomer with intact glyosidic bond and consequent side chains 

formation [33]. 

 

 

 

Fig. 6.6 – Liquid state 
1
H NMR spectra recorded at 25 ºC. Spectra of the concentrated HMW fractions (F2-F6) isolated 

by GFC from black wort. 
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6.3. Conclusions 

The influence of roasting on the overall pro-oxidant and antioxidant capacities of 

malts was evaluated in a Fenton system, and the mechanisms involved in the pro-

oxidant effects of MLD produced during malt roasting were investigated. Black malt 

exhibited the lower radical quenching capacity compared to pilsner and melano malts 

in a Fenton based model beer system as determined by spin trapping and ESR 

detection. The differences in the radical quenching capacity observed for the different 

malt types were related to the degree of roasting and the development of HMW 

browning compounds. These compounds demonstrated an overall capacity to increase 

the radical formation in a Fenton system, by a mechanism involving iron reduction and 

consequent generation of radicals. In fact, black malt and HMW isolated from black 

malt were able to accelerate metal-catalyzed oxidation in a beer model by increasing 

the O2 uptake, compatible with higher levels of radicals in the Fenton assay determined 

by ESR and involving the presence of Fe2+. 

Although black malt is generally able to reduce the overall levels of radicals 

generated by the Fenton reaction, HMW compounds exhibit an opposite effect due to 

the reduction of oxidized metal ions like Fe3+ which are available for oxidation 

reactions. The evidences here reported may contribute for understanding the influence 

dark malts on beer flavor stability. 
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7.  Implications of XN enrichment on the 

oxidative stability of pale and dark beers 

 

Beer is an unstable product that is involved in complex chemical, physical and 

sensorial transformations during its shelf life that can alter the sensory properties and 

consequent beer quality [10, 39]. O2 plays a critical role during the malting and the 

brewing process, promoting staling reactions causing a rapid deterioration of beer 

flavor [196]. ROS are formed through the reaction of oxygen with ferrous ion (Fe2+), by 

the Fenton and the Haber-Weiss reactions. ROS can react with other molecules in 

beer, playing a crucial role in the oxidative stability of beer which can decrease its 

stability and quality [10, 40, 41]. For example, hydroxyl radicals are involved in beer 

aging since they are one of the most reactive species and can react with ethanol, the 

second most abundant component in beer [10, 40].  

Flavonoids can exert an antioxidant activity by scavenging ROS [99]. In fact, XN 

revealed to be a potent antioxidant by scavenging of hydroxyl and peroxyl radicals 

using the ORAC assay [124] and exhibited a stronger free radical scavenging capacity 

comparing to its reducing power [197]. For this reason, it is of extreme importance to 

understand the influence of XN on the oxidative processes and radical formation in 

beer. 

The aim of the present study was to investigate the influence of XN enrichment on 

the oxidative stability of wort and beer. The study was developed in a beer model (5.8 

% ethanol, v/v) with radical formation based on a Fenton chemistry, and the levels of 

radicals were evaluated by ESR. Since roasted malts promote higher levels of XN in 

the final beer, the uptake of oxygen in the Fenton reactions was evaluated in a 

combined system of XN and different EBC worts (pilsner, melano and black malts), as 

indicative of alterations on the beer oxidative stability. 
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7.1. Material and methods 

7.1.1. Reagents and standards 

Pilsner (EBC 3-5), melano (EBC 60-80) and black (EBC 1300-1500) malts were 

obtained from Maltbazaren (Rødovre, Denmark). Absolute ethanol, TEMPO, PBN, L-

ascorbic acid (sodium salt) and acetate trihydrate were purchased from Sigma 

(Steinheim, Germany). Hydrogen peroxide (30 % w/w in water), iron (II) sulfate 

heptahydrate, sodium hydroxide pellets and acetic acid (glacial) were purchased from 

Merck (Darmstadt, Germany). All chemicals were of analytical grade or highest 

possible purity. Water was purified trough a Milli-Q water purification system (Millipore, 

Billerica, USA). XN (> 98 % purity) was obtained from Tocris Bioscience (Bristol, United 

Kingdom). A stock solution of 5.0 g/L was prepared in absolute ethanol and maintained 

at -20 ºC.  

 

7.1.2. Mashing 

The EBC congress mashing was performed as described in Section 6.1.2. 

 

7.1.3. Fractionation of black wort by GFC 

Worts were fractionated as described previously (Section 6.1.3). 

 

7.1.4. Color determination 

Color was determined as described in section 6.1.4. 

 

7.1.5. ESR detection of spin adducts based on the Fenton reaction 

The detection of spin adducts using ESR was carried as described previously 6.1.6. 

Concentrations of XN between 0.005 and 100 mg/L were tested. For a reference 100 

µL of ethanol was added instead of XN.  
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The spin adducts content was determined in three independent experiments (n = 3). 

Differences in means were evaluated using one-way ANOVA and Tukey’s test. A p-

value less than 0.05 (p < 0.05) was considered to denote a statistically significant 

difference. 

7.1.6. Dissolved O2 measurements 

The O2 content was determined as described in 6.1.7 in mixtures of 2 mL of an 

aqueous ethanolic solution (5.8 %, v/v) with 20 µL of FeSO4 (11 mmol/L in water), 100 

µL of wort (pilsner, melano and black) and 50 µL of XN (400 mg/L in ethanol), added by 

this order. For a reference, 100 µL Milli Q water was added instead of wort and 50 µL 

of ethanol instead of XN solution.  

To test the influence of each reagent on the oxidative reactions and consequent O2 

uptake, the reagents were individually added using a HACH LDO HQ10 sensor 

adapted in the top neck of a twin-neck round-botton flask (total volume of 150 mL). 100 

mL of an aqueous solution (5.8 %, v/v), saturated with aerial O2 (100 % O2), were 

added to the flask. Then 5 mL of wort were added and the levels of O2 were recorded 

for 1h. In the end, 1 mL of FeSO4 (11 mmol/L) was added followed by 200 µL of XN 

stock solution (5000 mg/L) or the XN solution first. The O2 levels in solution were 

monitored for 1h after the addition of individual reagents. The reagents were added 

through the second neck covered by a rubber stopper, in a closed system, with the 

help of a needle.  

 

7.2. Results and discussion 

7.2.1. Scavenging of radicals produced by the Fenton reaction 

The Fenton reaction plays an important role in beer aging leading to the formation 

of hydroxyl radicals catalyzed by iron (equation 7.2). Hydroxyl radicals may react with  

ethanol and other molecules present in beer resulting in the development of off-flavors 

and beer quality deterioration [10]. In order to produce XN-enriched beers, it is 

important to understand the influence of XN on the oxidative stability of beer regarding 

the formation of radicals in a Fenton system. In this work, the antioxidant properties of 

XN were evaluated by ESR in a Fenton system in which hydrogen peroxide was 

reduced to hydroxyl radical in a ferric catalyzed reaction (equation 7.2). Hydroxyl 
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radicals are mainly trapped by ethanol forming 1-hydroxyethyl radicals in a beer model 

system based on a solution containing 5.8 % (v/v) of ethanol (equation 7.3). The 

quantification of radicals was performed using the spin trap PBN which forms a stable 

radical adduct with the 1-hydroxylethyl radical (reaction 7.4) [40]. Samples with higher 

antioxidant capacity are responsible for lower quantity of spin adduct PBN/CH3•CHOH 

due to a decrease of the levels of radicals in solution. In contrast, higher levels of 

radicals are related to a pro-oxidant effect and an increase of the spin adduct signal 

measured by ESR. 

Fe2+ + H2O2 + H+  Fe3+ + •OH + H2O (Equation 7.2) 

•OH + CH3CH2OH  CH3•CHOH + H2O (Equation 7.3) 

CH3•CHOH + PBN  PBN / CH3•CHOH (Equation 7.4) 

In a first approach, the influence of different XN concentrations (varying from 0.005 

to 100 mg/L) on the radical formation was evaluated in a beer model (5.8 % ethanol, 

v/v) based on Fenton chemistry. As shown in the Fig. 7.1, XN was responsible for a 

decrease of the level of spin adducts at concentrations lower than 5 mg/L. XN exhibited 

radical scavenging properties at low concentrations, reducing the formation of spin 

adducts in almost 10 % at 0.1 mg/L. A similar radical scavenging effect has been 

reported by  Zhang et al. [197], who found that XN was able to scavenge ROS and free 

radicals, such as the ABTS-radical. Moreover, the radical scavenging properties of XN 

were stronger than its reducing properties [197]. 

However, a slight increase of radical levels was observed for higher XN 

concentrations (Fig. 7.1). Higher levels of radicals comparing to the control, 

demonstrating a pro-oxidant effect, was observed for XN concentrations higher than 5 

mg/L. As already described, dietary polyphenols can act as pro-oxidants and enhance 

ROS production depending on the concentration [83]. At high concentrations, the 

reducing properties can overcome the radical scavenging properties, which may induce 

radical formation in a Fenton system (equation 7.2), leading to a pro-oxidant effect and 

higher spin-adduct levels measured by ESR (Fig. 7.1). Actually, phenolic compounds 
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have been reported as pro-oxidants due to autoxidation [81] and lead to the formation 

of ROS in the presence of oxygen and transition metals [82]. Reducing species are 

able to quench radicals but also to reduce Fe3+ to Fe2+, which due to the low  (trace) 

levels of Fe2+ often will be rate determining for the production of hydroxyl radicals by 

the Fenton reaction [198].  

 

Fig. 7.1 - Effect of different XN concentrations (0.005-100 mg/L) on the formation of PBN spin adducts in a beer model 

based on the Fenton chemistry. The level of spin adducts formed in a control experiment without addition of sample but 

in the presence of oxidizing Fenton reactants (H2O2 and FeSO4) was considered 100 %. Data points are the mean ± 

standard deviation values of three independent experiments. Asterisks indicate statistically significant differences (p < 

0.05), when compared to the control (100 % spin adducts). 

 

7.2.2. Uptake of oxygen in the Fenton reaction 

Malt has a great impact on the XN content of beer, with roasted malts being 

responsible for higher XN concentration in beer [16, 57, 164].  For this reason, different 

worts were included into the beer model system in order to evaluate the interactions 

between malt derived components and XN on the oxidative stability of beer. The 

influence of different malt types combined with XN on the oxidative stability of the 

model beer was evaluated by measuring the O2 uptake. Oxygen is consumed during 

the Fenton initiated radical driven ethanol oxidation [42] and was used as an indicator 
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of the extension of oxidative reactions. Hence, 10 mg/L XN was incubated with wort 

samples prepared using different malt types with different roasting degrees (pilsner, 

melano and black). The concentration of 10 mg/L XN was chosen since recent works 

refer the possibility to produce a beer with concentrations of XN up to 10 mg/L [57, 

164]. 

First, the influence of different worts on the oxidative reactions was tested in the 

absence of XN. According to the results presented in the Table 7.1, black wort was 

responsible for higher O2 uptake comparing to pilsner malt. This was expected, since 

compounds generated during roasting can induce radical formation in a Fenton system 

[34], responsible for a decrease of O2 levels. After the addition of XN an increase of O2 

uptake in the pilsner worts was observed, while there was no effect for black worts. The 

obtained results showed that black malt not only has a positive effect on the production 

of  XN-enriched beer, by increasing XN content in beer, but also that the oxidative 

stability of black wort is not affected by the addition of XN. This can be explained by a 

possible interaction of XN with HMW roasted substances [16, 166]. In fact, the 

observed effects are a consequence of a synergy between all the compounds present 

in the mixture and not only XN, since it was not able to induce significant changes on 

the O2 uptake when incubated alone. This could be a positive aspect on beer quality, 

since the XN enrichment in dark beers may improve the oxidative stability of these 

beers, where it also is present in the highest amounts.  

 

Table 7.1 - O2 uptake in beer model after the addition of worts (pilsner, melano and black) and HMW fraction isolated 

from black malt in the absence and presence of XN (10 mg/L). The O2 levels were monitored during 100 min and the 

difference between the initial and final content was used to determine the O2 uptake. The values are presented as the 

mean of O2 uptake ± SD of three independent experiments 

Sample 

O2 uptake (%) 

Without XN 10 mg/L XN 

Pilsner 6.9 ± 0.9
 

11.1 ± 0.1 

Melano 10.2 ± 0.1
 

11.3 ± 0.6 

Black 12.2 ± 0.2
 

12.3 ± 0.3 

HMW fraction 

isolated from black malt 
10.5 ± 0.6

 
7.2 ± 0.5 
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7.2.3. Influence of HMW compounds and XN on oxidative reactions 

In order to study the influence of combined system of XN and roasted compounds 

on the oxidative stability of wort and beer, the HMW compounds were isolated from 

black malt and incubated with a XN standard. HMW compounds isolated from black 

malt were already described as pro-oxidant in a Fenton system due to its reducing 

properties. They are able to reduce iron and induce hydroxyl radical formation [34]. 

Despite this, the aim of this study was to investigate alterations on the O2 uptake with 

the addition of XN to a beer model containing HMW compounds isolated from black 

malt, in concentrations near those expected to be achieved in XN enriched beers (10 

mg/L XN). 

As represented in the Table 7.1, the darkest fraction isolated from dark malt (HMW 

fraction - Fig. 7.2) is able to trigger oxidative reactions in a beer model and increase the 

O2 uptake (1.5 % higher compared to pilsner wort). However, a decrease of O2 uptake 

was observed after the addition of XN (approx. 30 % reduction), contrary to the pilsner 

wort (60 % increase). This can be related with an interaction of XN with HMW 

compounds, neutralizing possible contributions of XN and HMW compounds to the 

oxidative processes. Therefore, XN-enriched pilsner beers can be more prone to 

oxidation reactions induced by XN than XN-enriched beers from dark malts. 

 

 

Fig. 7.2 - Size exclusion chromatogram (Superdex 30 column) of black wort samples (detection at 218 nm). 
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Oxygen uptake can also be related with the content in polyphenols since 

polyphenols in malt readily react with oxygen or ROS. Upon oxidation or acid catalysis, 

polymerization reactions lead to complex polyphenols of high molecular weight. 

Possibly, the initiation of the polymerization reactions starts with the oxidation to 

quinone or semi-quinone radicals, which then further interact with other phenolic 

compounds [199]. Polyphenol oxidase (PPO) is able to catalyse the oxidation of 

polyphenolic compounds with oxygen in very reactive quinonic compounds [79]. Under 

the kilning regimes used to produce pale, melano and dark malts used in this work, 

there is extensive loss of PPO. It is certainly apparent that direct oxidation of 

polyphenol by groundstate oxygen, mediated by PPO, does not occur in these 

experiments. Moreover, the uptake of oxygen by simple phenolics in the different malt 

extracts is excluded as the experiments were carried out with HMW fractions, 

consisting almost entirely of HMW brown compounds. 

 

7.2.4. Influence of iron on the oxidative stability of XN-enriched beers in a 

Fenton system 

Since the differences in the O2 uptake appear to be related with the induction of 

radical formation in an iron-catalyzed Fenton reaction, the O2 levels were monitored in 

the absence and presence of Fe2+ in a beer model containing wort, ethanol and XN. 

As expected, the O2 content in the absence of Fe2+ showed that roasted malts 

(melano and black types) were responsible for a slight increase in the O2 uptake (Fig. 

7.3). The addition of Fe2+ at 60 min resulted in an immediate additional O2 uptake for all 

malt types (Fig. 7.3 A), which was clearly more evident in the mixture with black wort 

(11 % was taken up within 10 min), in accordance with the results presented in the 

Table 2. Only 6 % of O2 was taken within 10 min for the pilsner wort. The mixture with 

black wort was more affected by the addition of Fe2+ since HMW compounds generated 

during roasting exhibit strong reducing properties and are able to reduce Fe3+ and 

consequently increase radical formation by the Fenton reaction. 

The addition of XN in the absence of Fe2+ did not exert any significant effect on the 

O2 uptake (Fig. 7.3 B), which proves that the pro-oxidant effect of XN (Fig. 7.1) in the 

beer model is Fe2+ dependent. The addition of XN soon after the addition of Fe2+ had 

also no impact on the O2 uptake (Fig. 7.3 A). However, in mixtures spiked with black 

wort the O2 decrease rate is higher, meaning that the reducing activity of black malts, 
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promoting the reduction of Fe3+ to Fe2+, is the main reason for the pro-oxidative effect 

of dark malts. 

 

 

 

 

Fig. 7.3 - Oxygen uptake in an aqueous ethanolic solution (5.8 %, v/v). Addition of reactants was made by the following 

order: (A) wort, FeSO4 and XN; (B) wort, XN and FeSO4. The oxygen levels were measured for 60 min after the addition 

of each individual reactant (total time of 180 min). 

A 

B 
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The addition of Fe2+ after the addition of XN induced higher O2 uptake in samples 

with pilsner wort (10 % higher O2  uptake - Fig. 7.3 B) comparing to the addition of XN 

before iron (Figure 4A), as in accordance with the results presented in Table 7.1. In 

fact, the final O2 content was identical for samples with pilsner and black wort 

(approximately 84 %) with the addition of iron after XN (Fig. 7.3 B). According to this, 

XN influence on the O2 uptake is Fe2+ dependent, since the O2 uptake is higher in 

pilsner malt mixed with XN and iron. However, it does not appear to involve the 

reduction of iron species, since the addition of XN after the addition of iron does not 

induce any significant acceleration of the O2 consumption (Fig. 7.3 A).  

 

7.3. Conclusions 

The influence of XN enrichment on the oxidative stability of beer was evaluated 

using a beer model system (5.8 % ethanol, v/v) with radical formation based on a 

Fenton chemistry. The determination of radical levels by ESR revealed that XN exhibit 

radical scavenging properties at concentrations lower than 5 mg/L. However, a pro-

oxidant effect was observed for higher concentrations, revealing that XN can have 

negative effects at high amounts in beer. The addition of 10 mg/L XN to a beer model 

containing pilsner wort led to an increase of O2 uptake, indicative of an increase of 

oxidative reactions involving the Fenton reaction. However, the oxidative stability was 

not affected by the addition of XN to a model beer containing black wort, due to a 

possible interaction of XN with HMW compounds generated during roasting.  

The evidences gathered during this work suggest that enriching pilsner beers with 

XN could make them more prone to oxidation, whereas the enrichment of beers 

produced from dark malts does not seem to affect their oxidative stability.
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8.  Dose-dependent protective and inductive 

effects of XN on oxidative DNA damage in 

Saccharomyces cerevisiae 

 

In order to maintain the overall organoleptic properties and quality of the final beer it 

is important to understand how higher XN content during the brewing process might 

affect S. cerevisiae physiology. Yeast cells produce ROS as a by-product of oxidative 

phosphorylation, which can affect fermentation performance as well as the oxidative 

stability of the final beer [200]. XN has recently been shown to have a dose dependent 

effect on mitochondria of mammalian cells [201]. Thus, the potential problems or 

benefits that XN could bring to yeast physiology, due to its antioxidant properties, is an 

important issue of brewing research. A recent study, developed at pilot-scale, showed 

that XN (10 mg/L) does not affect yeast viability and seems to improve physiological 

condition of brewer’s yeast during fermentation, ascribed to its antioxidant activity 

[170]. To fully understand the impact of XN on yeast cells viability, additional 

concentrations of XN should be studied as well as its intracellular antioxidant activity. 

The aim of the present work was to study how XN may affect the yeast cell viability 

in order to allow improvements on the brewing process in terms of efficiency of 

fermentation and production of XN-enriched beers. In order to allow the design of 

improved strategies for fermentation processes in the presence of high XN 

concentrations (from 1 up to 50 mg/L), its impact on yeast cell viability was evaluated. 

Moreover, the mechanism of action of XN on the yeast cells by assessing the 

intracellular antioxidant activity of XN, by flow cytometry with dichlorofluorescein 

diacetate (H2DCFDA), was investigated. The in vitro antioxidant capacity of XN was 

also evaluated using the metmyoglobin antioxidant assay, based on the capacity to 

inhibit the ABTS-radical formation by metmyoglobin. Finally, the 

antigenotoxic/genotoxic effects of XN on yeast cells were investigated using the yeast 

comet assay to assess oxidative DNA damage.  
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8.1. Material and methods 

8.1.1. Reagents and standards 

All the reagents used, except when otherwise stated, were purchased from GIBCO 

(Paisley, Scotland) and were of analytical grade. High-purity water (resistivity not lower 

than 18.2 MΩ · cm) from a Direct-Q 3 UV water purification system (Millipore Iberian, 

Spain) was used for all analyses. XN (> 98 % purity) was kindly donated by Dr. Martin 

Biendl from Hopsteiner (S. S. Steiner, New York, NY and Steiner Hopfen GmbH, 

Mainburg, Germany). Dichlorofluorescein diacetate (H2DCFDA) was purchased from 

Life Technologies (California, USA), H2O2 (30 %) was purchased from Merck 

(Darmstadt, Germany), quercetin (QC, > 98 %) and ethanol anhydrous, used as 

solvent, were purchased from Sigma-Aldrich (St. Louis, USA). GelRed™ was obtained 

from Biotium (Hayward, USA). Acetonitrile (HPLC grade) and formic acid (for mass 

spectrometry) used in HPLC and MS analysis were obtained from Sigma-Aldrich. XN 

and QC stock solutions of 1 g/L were prepared by diluting the appropriate amount of 

reagent in ethanol and were stored at -20 ºC. These solutions were used to prepare 

diluted solutions in all experiments. 

 

8.1.2. Yeast strains, media and culture conditions 

Two Saccharomyces cerevisiae strains were used in this study: S. cerevisiae 

BY4741 (MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and yap1 which is the same strain 

also carrying the yap1(YKL114c)::kanMX4 replacement allele. Both were obtained from 

the European Saccharomyces cerevisiae Archive for Functional Analysis (Euroscarf). 

Stock cultures were maintained on solid YPD medium (1 % w/v yeast extract, 2 % w/v 

peptone, 2 % w/v glucose and 2 % w/v agar) at 30 ºC for 2 days and then maintained 

at 4 ºC for 1 week. Cells were cultivated in liquid YPD medium (lacking agar), in an 

orbital shaker at 30 ºC and 200 rotations per minute (rpm). Growth was monitored by 

measuring the optical density at 600 nm (Abs600 nm). 

 

8.1.3. Yeast culture preparation 

Saccharomyces cerevisiae cells were removed with an inoculation loop from a solid 

stock culture, then suspended in 5 mL YPD medium (pre-inoculum) and incubated 
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overnight at 30 °C and 200 rpm. An appropriate volume of the pre-inoculum was diluted 

in fresh YPD medium to Abs600 nm = 0.1 and the culture was incubated under the same 

conditions for 2 generations to reach Abs600 nm = 0.4. Subsequently, cells were 

harvested by centrifugation at 5,000 x g, 2 min at 4 ºC, washed once with the same 

volume of deionized sterilized water and suspended in deionized sterilized water, an 

appropriate buffer or liquid YPD medium depending on the experiment. This procedure 

ensures that cells are in an early exponential phase of growth. 

 

8.1.4. Viability assays 

100 µL of cell suspension was collected, serially diluted to 10-4 in deionized 

sterilized water and 100 µL were spread on solid YPD medium, in order to obtain the 

viability count before treatments. Next, different dilutions of XN were added to aliquots 

of the initial culture in YPD medium for final concentrations of 1, 5, 10, 20 and 50 mg/L 

(final volume of 1 mL was maintained in all samples). Alternatively, the solvent 

(ethanol) was added to similar cell suspensions for control. In all samples the maximum 

final ethanol concentration was 5 % (v/v). The suspensions were incubated at 30 ºC, 

200 rpm and 100 µL was taken from each aliquot at 30, 60 and 150 min, diluted and 

spread on solid YPD. Cells were incubated at 30 ºC for 48 h and the colonies were 

counted. Survival rates were calculated as percentage of colony-forming units, 

assuming 100 % survival for cells before any treatment (ethanol or XN). In order to 

exclude the effect of cell proliferation in culture media in viability assays, the procedure 

of the viability assays was the same, except that cells were suspended in PBS (137 

mmol/L NaCl, 2.7 mmol/L KCl, 4.3 mmol/L Na2HPO4, 1.47 mmol/L KH2PO4, pH 7.4) 

instead of deionized sterilized water, after harvesting the culture, and all treatments 

were performed in PBS instead of YPD. 

 

8.1.5. Evaluation of the growth of yeast cultures 

An appropriate volume of the pre-inoculum was diluted in liquid YPD medium to 

Abs600 nm = 0.1 as stated above and the culture was incubated with XN (see 

concentrations in section 8.2) and 10 mmol/L H2O2. Ethanol (similar volume as XN 

solution) was added to a similar culture, to be used as control. Cultures were incubated 



154 FCUP  

Dose-dependent protective and inductive effects of XN on oxidative DNA damage in Saccharomyces cerevisiae 

 

 

at 30 ºC, 200 rpm and growth was monitored by reading Abs600 nm during 300 min. 

Specific growth rate was calculated from periodical measures of Abs600 nm. 

 

8.1.6. Comet assay 

The quantitative DNA damage with the yeast comet assay was performed as 

described by Azevedo et al. [202]. The yeast culture was prepared as mentioned 

above, cells were harvested by centrifugation at 5,000 x g, 4 ºC for 2 min and washed 

twice with the same volume of ice-cold deionized water. Cells were resuspended in 2 

mg/mL zymolyase (20,000 U/g; ImmunO™ - 20T) in S buffer (1 mol/L sorbitol, 25 

mmol/L KH2PO4, pH 6.5) containing 50 mmol/L β-mercaptoethanol and incubated at 30 

ºC, 200 rpm for 30 min, in order to obtain spheroplasts. Spheroplasts were collected by 

centrifugation at 5,000 x g, 4 ºC for 2 min, washed twice with the same volume of ice-

cold S buffer, resuspended in the same volume of S buffer and distributed by aliquots 

of 100 µL. For treatments, cells of aliquots were incubated for 20 min at 30 ºC in the 

presence of XN (1, 2, 5, 7.5, 10 or 20 mg/L), ethanol and H2O2 (positive control; 10 

mmol/L H2O2 and 5 % v/v ethanol), mixtures of XN and H2O2 (1, 2, 5, 10 mg/L XN and 

10 mmol/L H2O2) or ethanol (negative control; same volume as the concentrations of 

XN used in the assay). For assessment of genotoxicity, spheroplasts were incubated 

only with XN and for antigenotoxicity spheroplasts were incubated with XN and H2O2. 

After incubation, spheroplasts were collected by centrifugation at 5,000 x g, 4 ºC for 2 

min, washed twice with S buffer and then suspended in 50 µL of low melting agarose 

(1.5 % w/v in S buffer) at 35 ºC. Subsequently, samples were analysed by the yeast 

comet assay as described elsewhere [202]. At least 20 comets from representative 

images were acquired from each sample by flurosecence microscopy (Leica DMB 

5000, Wetzlar, Germany) after staining with GelRed™. The tail length (µm) was 

measured using the CometScore software (www.autocomet.com) and was used as a 

parameter for DNA damage quantification. 

 

8.1.7. Flow cytometry analysis 

The yeast culture was prepared as described in 8.1.3 section. Cells were harvested 

by centrifugation at 5,000 x g, 2 min at 4 ºC and washed twice with the same volume of 

PBS. The suspension was diluted to Abs600 nm = 0.02 with PBS and 500 µL were 
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collected for auto-fluorescence measurement. The antioxidant activity was measured 

as described by Marques et al. with minor modifications [203]. Dichlorofluorescein 

diacetate (H2DCFDA) was added to the cell suspension (50 µmol/L) and cells were 

further incubated at 30 ºC, 200 rpm and 1 h in dark. Cells were washed twice with the 

same volume of PBS and aliquots of 1 mL were incubated with XN (1, 2 and 5 mg/L) 

and 5 mmol/L H2O2 for 20 min at 30 ºC. Twenty thousand cells of each sample were 

analysed by flow cytometry in an Epics® XLTM cytometer (Beckman Coulter, 

Pasadena, USA) equipped with a 15 mW argon-ion laser emitting at 488 nm. Green 

fluorescence was collected through a 488 nm blocking filter, a 550 nm long-pass 

dichroic and a 225 nm band-pass filter. Data were analysed and histograms were 

made using the FlowJo 7.6 software. 

 

8.1.8. HPLC-DAD-ESI-MS/MS analysis of oxidation products of XN 

The identification of the oxidation products of XN was confirmed by HPLC online 

coupled with electrospray ionization tandem mass spectrometry. The samples were 

prepared by adding 5 mmol/L H2O2 to a 10 mg/L XN solution prepared in 10 mmol/L 

ammonium bicarbonate buffer pH 7. The mixture was incubated 20 min at 30 ºC in 

dark. Control assays without H2O2 and/or XN were also prepared. The formation of 

oxidation products was investigated by HPLC-DAD-ESI-MS/MS. The HPLC system 

consisted of an HPLC Accela with Accela PDA detector, Accela Autosampler and 

Accela 600 Pump (Thermo Fischer Scientific, Bremen, Germany). Separations were 

carried out on a Phenomenex (USA) Gemini C18 column (150 x 4.6 mm, 3 µm) with a 

pre-column (4 x 3.0 mm) using a binary solvent gradient (A, 0.1 % formic acid in water 

and B, acetonitrile), starting on injection with 40 % B, followed by a linear increase to 

100 % B in 20 min and maintained for more 5 min in these conditions. The flow rate 

was 0.4 mL/min and a total of 20 µL of a sample was injected onto the column, which 

was kept at 20 ºC. A mass spectrometer LTQ Orbitrap XL (Thermo Fischer Scientific, 

Bremen, Germany) controlled by LTQ Tune Plus 2.5.5 and equipped with an 

electrospray ionization (ESI) source was used. Simultaneous acquisition of mass 

spectral data and photodiode array (PDA) data was processed by using Xcalibur 

software version 2.1.0 (Finnigan, San Jose, CA). The capillary voltage of ESI was set 

to 3000 V. The capillary temperature was 275 ºC. The sheath gas and auxiliary gas 

flow rate (nitrogen) were set to 40 and 10, respectively (arbitrary unit as provided by 

the software settings). The capillary voltage was 9 V and the tube lens voltage 60 V. 
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Acquisition of the mass data was performed between m/z 80 and 2000 and the 

Orbitrap resolution was set to 30000. All experiments were done using MSE mode data 

recording without discrimination of ions or their pre-selection pro the spectra (30.0 

energy collision). The positive ion polarity mode was selected in this work due to a 

better signal-to-noise ratio in comparison with negative ion mode.  

 

8.1.9. Metmyoglobin antioxidant assay 

The metmyoglobin antioxidant assay was performed as described in 5.1.8. The 

assay was performed in 96 well plates by adding to each well 10 µL XN or QC (0-200 

mg/L), 10 µL of Metmyoglobin and 150 µL of ABTS. At the end, 50 µL of H2O2 (441 

µmol/L) was added to the mixture and incubated in a shaker for 5 min at room 

temperature. Antioxidant capacity was quantified by reading the absorbance at 750 nm 

using a BioTek® (Winnoski, USA) Powerwave XS microplate reader and evaluating the 

half-inhibitory concentration (IC50) responsible for inhibition of 50 % on ABTS oxidation. 

 

8.1.10. Statistical analysis 

Comet assay results are presented as the mean ± SD obtained from the mean at 

least 20 comets of each of three independent experiments. All other results are 

presented as the mean ± SD from at least three independent experiments. One-way 

analysis of variance (ANOVA) was used for comparison of more than two means and 

Tukey’s test was used for multiple comparisons. All asterisks indicate statistically 

significant differences, when compared to the respective control: * means p < 0.05, ** 

means p < 0.01 and *** means p < 0.001. Spearman's correlation coefficient (rs) was 

applied to measure the strength of association between two ranked variables. 

 

8.2. Results 

8.2.1. Effect of XN on yeast viability 

Yeast cells were incubated with XN (1 - 50 mg/L) in YPD medium during different 

time periods (0 - 150 min), and subsequently plated on solid YPD medium to evaluate 

the effect of XN on viability (Fig. 8.1). This concentration range was chosen to include  
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suggested final XN concentration in enriched beer (up to 30 mg/L) [57]. A control 

without XN but containing the same volume of the solvent (ethanol) was included in 

order to evaluate the viability of untreated and non-stressed cells.  
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Fig. 8.1 - Effect of XN on the viability of S. cerevisiae BY4741 cells in YPD cultures (A) and in PBS suspensions (B). 

Yeast cells were incubated with XN or 5 % (v/v) ethanol, at each time point (150 min in B) aliquots were collected, 

diluted to 10
-4
 and spread on YPDA plates. Colonies were counted after 48 h incubation at 30 ºC and percentage 

viability was calculated taking 0 min as reference. Data are the mean ± SD of three independent experiments (* 

represents p < 0.05, 
**
 represents p < 0.01). 
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When yeast cells were exposed to XN concentrations equal or higher than 10 mg/L 

a significant decrease (p < 0.05) in viability was observed after 30 min or more (Fig. 8.1 

A), while concentrations equal to or lower than 5 mg/L did not have significant impact 

on the yeast viability. Incubation with the solvent alone had no effect on viability. 

Incubation with more than 5 mg/L XN in the presence of PBS for 150 min also led to 

loss of viability (Fig. 8.1 B), but less severe than when incubated in YPD (Fig. 8.1 A), 

particularly in the presence of 20 mg/L XN. This result suggests that the toxic activity of 

XN is mediated by active yeast metabolism that is attenuated in the nutrient-free PBS 

solution. 

 

8.2.2. XN has in vitro antioxidant activity 

The antioxidant capacity of XN was tested by the metmyoglobin assay, a rapid 

method for the assessment of antioxidant protection [204, 205]. This assay has been 

used to measure the total antioxidant capacity of various biological samples, related to 

the production of ROS as a consequence of normal aerobic metabolism. The assay 

relies on the ability of compounds to inhibit the oxidation of ABTS to ABTS°+ by 

metmyoglobin. The amount of radical produced is suppressed to a given level, which is 

proportional to the antioxidant capacity of the compound tested. In this case, different 

XN concentrations were tested based on its antioxidant capacity and compared with 

QC, a well-known naturally occurring polyphenol for its antioxidant properties. XN 

displayed a weak antioxidant capacity after the addition of H2O2 (IC50 = 131.47 mg/L) 

when compared to QC (IC50 = 39.97 mg/L), which correlates with the decreased toxicity 

in cells suspended in PBS, presented above, where cellular metabolism is attenuated. 

 

8.2.3. XN protects yeast cells under stress conditions 

The low antioxidant capacity of XN observed in the metmyoglobin assay could 

potentially protect yeast cells from oxidative stress. To test this hypothesis, yeast 

growth was measured in the presence of 10 mmol/L H2O2 with and without XN. As the 

XN is dissolved in ethanol 5 %, the same concentration of ethanol without XN was 

included in the control. Yeast cultures did not grow in the presence of 10 mmol/L H2O2 

(with 5 % ethanol) or in combination with 1 or 2 mg/L XN (Fig. 8.2). However, yeast 
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growth could be observed at 120 min incubation in the presence of 5 mg /L XN, 

indicating that XN protects against the toxic effect of H2O2. 
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Fig. 8.2 - XN protective effect on S. cerevisiae BY4741 cells under oxidative stress. Yeast cells in YPD cultures were co-

incubated at 30 ºC with XN (1, 2 or 5 mg/L) and 10 mmol/L H2O2 for 5 h. Culture growth was monitored by reading 

Abs600 nm at each time-point and percentage growth was calculated taking 0 min as reference. Data are the mean ± SD 

values from three independent experiments. 

 

8.2.4. XN decreases intracellular oxidation 

The protective effect observed in Fig. 8.2 may relate to a decrease of the levels of 

ROS as a consequence of a scavenging activity of XN. This hypothesis was tested by 

incubating cells loaded with the redox-sensitive fluorochrome H2DCFDA, with XN and 

H2O2. This probe is able to diffuse freely into cells through the plasma membrane 

where it is deacetylated to reduced dichlorofluorescein (H2DCF). This form is 

hydrophilic and becomes trapped inside cells due to impermeability of plasma 

membranes. In the presence of oxidants, or depending on the intracellular redox 

environment, H2DCF is converted to oxidized fluorescent form, dichlorofluorescein 

(DCF), which can be measured in a flow cytometer upon excitation at 485 nm and 

emission at 530 nm. As can be seen in Fig. 8.3, 5 mmol/L H2O2 induced an increase of 

intracellular oxidation (fluorescence intensity mean from 120 to 272) and, hence, higher 

fluorescence in H2DCFDA-loaded cells as compared to non-treated cells (incubated 
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with 5 % ethanol). As depicted in Fig. 8.3, increasing concentrations of XN decreased 

intracellular oxidation of cells induced by H2O2 in a dose-dependent manner 

(fluorescence intensity mean decreases from 272 to 145). Therefore, the antioxidant 

activity of XN observed in vitro is also present intracellularly when yeast cells are 

incubated with XN and H2O2.  

 

Fig. 8.3 - Effect of XN on the intracellular oxidation of S. cerevisiae BY4741 strain. Cells were loaded with H2DCFDA 

and co-incubated with XN and 5 mmol/L H2O2 for 20 min, followed by flow cytometry analysis of intracellular 

fluorescence. Data are from a representative experiment from at least three independent experiments. 

 

8.2.5. HPLC-DAD-ESI-MS/MS analysis of oxidation products of XN 

The oxidation reaction of the prenylated flavonoid XN has been investigated in 

order to infer an oxidation induced by H2O2. The generated compounds were 

subsequently analysed by HPLC-DAD-MS/MS. A 40 minutes chromatographic run was 

performed and three major peaks were observed in HPLC-DAD and HPLC-MS/MS 

chromatograms (Fig. 8.4).  
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Fig. 8.4 - Identification of XN oxidation products induced by H2O2. The chromatograms are reconstructed at m/z 355.15, 

m/z 369.13 and m/z 387.14. 

 

The peak with retention time of 17.36 min showed a protonated molecule at m/z 

355.15 in the ESI-Orbitrap mass spectrum and a UV spectrum with a maximum at 368 

nm. This is the most abundant peak in the chromatogram and corresponds to the XN 

fraction which was not oxidized (fragment ions at m/z 179.03 and 299.09 were 

observed). Two new peaks were detected as the oxidation products of XN, since they 

are not present in the blank/control assays. The new compound corresponding to the 

retention time of 12.64 min showed a protonated molecule at m/z 369.13 (Fig. 8.4). 

This oxidation product resulted from the net addition of one oxygen to XN and loss of 

two hydrogen atoms. Collision-induced fragmentation of the selected ion yielded an 

abundant prenyl cleavage fragment with m/z 313.09 [MH-C4H8]
+. Accordingly, the 

compound was identified as the endoperoxyxanthohumol (EPOX, Fig. 8.5 A), which 

has been reported as a product formed after treatment of XN with excess of 

peroxynitrite [141]. The UV spectrum of  EPOX (λmax = 363 nm) and the lack of the 
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base peak at m/z 179, which represents a retro Diels-Alder fragment, point to the 

presence of this compound (C21H21O6
+ calculates for 369.1332). 

 

 

Fig. 8.5 - Proposed structures of XN oxidation products with m/z 369.13 (A) and m/z 387.14 (B) and the corresponding 

fragments. 

 

The observed m/z 387.14 for the peak with retention time of 11.95 min (Fig. 8.4) 

represents a gain in molecular mass of 32 Da, corresponding to an introduction of two 

oxygen atoms in the XN structure. The presence of the fragment ion at m/z 301.11 

(Fig. 8.5 B) suggested that the prenyl group could be attacked by the hydroperoxide. In 

effect, this fragment corresponds to the loss of the prenyl group, as showed in the Fig. 

8.5 B. The double bond in the prenyl group has a higher electron density than the 

conjugated chalcone skeleton and is therefore more prone towards an attack by the 

peroxyl radical. Consequently, addition of the peroxyl radical on the prenyl group gives 

rise to the cyclic peroxide with m/z 387.14 (C21H23O7
+ calculates for 387.1438). The 
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presence of this oxidation product has not been reported for XN. However, several 

natural cyclic peroxides from marine sources have been tested for a broad range of 

activities including antiviral, antimalarial, antimicrobial activity and cytotoxicity [206]. 

 

8.2.6. XN protects yeast cells from DNA damage induced by H2O2 

The integrity of DNA is crucial to cells, but it is susceptible to damage induced by 

ROS [204]. If a compound is able to prevent DNA damage it may have a potential 

benefit to cells and possibly to health in humans. The antioxidant activity of XN could 

contribute to genome protection in yeast cells, which, to our knowledge, has not been 

investigated before. The genome protective effect of XN against oxidative DNA 

damage induced by H2O2 was evaluated using the yeast comet assay. The yeast 

comet assay is a well-established, simple, versatile, sensitive and inexpensive 

technique used to assess DNA oxidative damage quantitatively and qualitatively in 

eukaryotic cell populations [207-210].  

Yeast spheroplasts were incubated with different XN concentrations and 10 mmol/L 

H2O2, in S buffer (containing 1 mol/L sorbitol), in order to maintain osmotic protection. 

Ethanol (5 % v/v) was present in all samples since XN was dissolved in ethanol. Cells 

in the presence of ethanol alone did not present significant DNA damage (measured as 

comet tail length; Fig. 8.6) whereas H2O2 dramatically increased (p < 0.01) comet tail 

length. When XN was added, a decrease in comet tail length was observed for 

concentrations below 10 mg/L (Fig. 8.6). However, for the highest concentration of XN 

(10 mg/L), DNA damage was similar to cells incubated only with 10 mmol/L H2O2. 

Therefore, dose-dependent antigentoxic activity of XN is only observed for 

concentrations below 10 mg/L.  
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Fig. 8.6 - XN protection against oxidative DNA damage of S. cerevisiae BY4741 strain induced by H2O2. Spheroplasts 

were co-incubated with XN (1, 2, 5 or 10 mg/L) and 10 mmol/L of H2O2 for 20 min and DNA damage was assessed by 

the yeast comet assay. Cells incubated only with 5 % ethanol (negative control) or 5 % ethanol and 10 mmol/L H2O2 

(positive control) were included in the experiment. Tail lengths were measured for at least 20 comets/sample. Mean ± 

SD values are from three independent experiments (
*
 represents p < 0.05 and 

**
 represents p < 0.01). 

 

 

8.2.7. XN induces DNA damage 

Considering that XN was shown to be toxic to yeast cells only at concentrations 

higher than 10 mg/L (Fig. 8.1 A and B) and at the same time protective for lower 

concentrations (Fig. 8.2, Fig. 8.3 and Fig. 8.6), it was hypothesized that XN could be 

genotoxic instead of protective at high concentrations. Cells were incubated with XN 

alone, without H2O2, and the DNA damage was assessed by the comet assay. As 

depicted in Fig. 8.7, cells treated with XN at concentrations above 5 mg/L exhibited a 

statistically significant (p < 0.001) increase in comet tail length when compared with 

cells exclusively treated with ethanol (5 %, v/v). This strongly suggests that XN has 

also a genotoxic activity for higher concentrations. The genotoxic effect did not promote  

longer comet tails at concentrations above 10 mg/L (Fig. 8.7) possibly due to the 

limited capacity of the genomic DNA to unwind and migrate during electrophoresis in 

the comet assay [207]. 
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Fig. 8.7 - Effect of XN on the genomic DNA of S. cerevisiae BY4742 strain. Spheroplasts were incubated with XN (1, 5, 

7.5, 10 or 20 mg/L) for 20 min and DNA damage was evaluated with the yeast comet assay. Cells incubated only with 5 

% ethanol (negative control) or 5 % ethanol and 10 mmol/L H2O2 (positive control) were included in the experiment. 

Mean ± SD values are from three independent experiments (*** represents p < 0.001). 

 

 

8.2.8. XN genotoxicity and pro-oxidant activity 

In an attempt to investigate the mechanism involved in XN genotoxicity observed at 

higher concentrations, a mutant yeast strain, yap1, affected in oxidative stress 

tolerance [211]  was incubated with XN. The yap1 mutant strain is sensitive to oxidative 

stress since YAP1 encodes a transcription factor involved in the oxidative stress 

response triggering the transcription of genes encoding proteins required for 

scavenging and degrading ROS [212, 213]. Strain yap1 and the corresponding parental 

strain (BY4741) were cultured in rich medium in the presence of different 

concentrations of XN for 300 min and growth was monitored periodically by optical 

density. Growth rate inhibition was calculated taking as reference the growth rate for 

the same strain without XN (Table 8.1). All strains were affected in growth by XN, the 

yap1 being the more sensitive. Growth of the yap1 was significantly affected at all 

concentrations tested while strain BY4741 was affected at 7.5 and 10 mg/L XN. Higher 

concentrations of XN affected both strains. The increased sensitivity of the yap1 strain 

adds genetic evidence to the previous results indicating that XN is pro-oxidant at high 

concentrations. 
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Table 8.1 - Growth rates of S. cerevisiae BY4741 and yap1 strains in the presence of XN. Inhibition of growth was 

calculated as percentage of decrease of growth rate for each strain taking as reference the control culture without XN. 

Growth rates are the mean of three independent experiments (
*
 represents p < 0.05 and 

**
 represents p < 0.01) 

 Growth rate (h
-1

)  Growth rate inhibition (%) 

 Control 5 mg/L 7.5 mg/L 10 mg/L  Control 5 mg/L 7.5 mg/L 10 mg/L 

BY4741 0.115 0.102 0.083 0.057  - 11.3 27.6
*
 49.8

**
 

yap1 0.099 0.057
* 

0.042
* 

0.019
** 

 - 42.1
*
 57.9

**
 80.3

**
 

 

 

8.3. Discussion 

Anticarcinogenic and antioxidant properties of XN present in Humulus lupulus L. 

have been reported before [92, 113, 115-117, 122, 124, 214-217]. However, scarce 

information is available on the effect of XN on yeast cells. This work presents a first 

approach to the study of antigenotoxic and genotoxic effects of XN on Saccharomyces 

cerevisiae cells focusing on the brewer’s yeast physiology. The potential beneficial use 

of XN in human health has led beer manufacturers to produce beers with higher 

content of this compound. Generally, in studies on XN beer enrichment, the effect of 

XN concentration in yeast is disregarded, only seeking on the parameters that can lead 

to higher XN concentrations in the final product [101, 164, 166]. However, addition of 

XN during the brewing process could affect negatively the yield and quality of beer due 

to the effects this compound could promote in yeast cells. Therefore, the knowledge of 

the mechanisms of biological activity of XN can help producers to circumvent the 

potential deleterious effects on brewing yeast. Evidences supporting that the loss of 

viability, for XN concentrations above 5 mg/L, is due to a pro-oxidant activity that 

affects the genome integrity have been demonstrated. However, it has also been 

shown that low levels of XN (below 5 mg/L) protect yeast cells from oxidative stress 

and oxidative DNA damage induced by H2O2 in a dose-dependent manner. Intracellular 

oxidation state, as measured in vivo with the redox-sensitive probe H2DCFDA, also 

decreases in a dose-dependent manner with XN in this concentration range.  

The results presented in Fig. 8.1 A and B clearly demonstrate that yeast cells are 

affected by XN and hence, fermentation can be highly influenced upon addition of this 

compound in the previous industrial steps. For this reason, forthcoming investigation on 

the production of XN-enriched beers should include monitoring of XN concentration 
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during fermentation in order to improve fermentation performance. These results are in 

agreement with those reported by Magalhães and co-workers where viability slightly 

decreased after the addition of 10 mg/L XN in the beginning of the fermentation [170]. 

The differences with our study, namely in the fermentation conditions at 4 ºC for one 

week and the yeast species (Saccharomyces pastorianus), might explain the less 

intense response in viability. Moreover, lower temperatures can decrease XN solubility 

and consequent bioavailability since it is only slightly soluble in aqueous medium. 

In the same study, Magalhães et al. [170]  have reported that the increase on yeast 

vitality (fermentative capacity) could be ascribed to the protective antioxidant activity of 

XN. Accordingly, XN has been reported to be an effective antioxidant [143] and free 

radical scavenger [124, 215]. Results of our study are in line with these reports for 

concentrations below 5 mg/L, assessed by both viability assays (Fig. 8.2) and flow 

cytometry (Fig. 8.3). In this range of concentrations XN has antigenotoxic activity, 

which correlates with the antioxidant activity reported here (Fig. 8.3, rs = 0.90) and 

elsewhere [124, 143, 215], and with the prevention of amino-3-methyl-imidazo[4,5-

f]quinoline-induced DNA damage in liver cells [132]. The antioxidant activity of XN was 

evidenced by the identification of two major oxidation products of XN molecule induced 

by H2O2 (Fig. 8.4 and Fig. 8.5). 

For concentrations above 5 mg/L XN provoked the opposite effect leading to a 

slower growth rate (Fig. 8.2) and genotoxicity (Fig. 8.7). When a yeast mutant affected 

in the oxidative stress response (yap1) was used, the decrease in growth rate in the 

presence of XN was even higher (Table 8.1). This is also in accordance with previous 

studies showing that XN was able to induce intracellular ROS, leading to a decrease of 

cell viability and induction of apoptosis in several cancer cell lines [82, 214]. Flavonoids 

with a phenol B ring are able to form phenoxyl radicals, which catalyze glutathione 

(GSH) or nicotinamide adenine dinucleotide (NADH) oxidation and consequent 

generation of ROS [82]. Similarly, XN has an open C-ring with a hydroxyl group on the 

B-ring that may support the production of phenoxyl radical and ROS production. Pro-

oxidant activity also appears to be related to the presence of transition metals (such as 

iron and copper), peroxidases and high flavonoids concentrations, increasing the 

formation of Fe2+ and Cu+ that react with H2O2 in the Fenton reaction [218, 219]. 

Taken together, our results strongly suggest that XN has a dose-dependent dual 

effect on yeast cells: at low concentrations XN is antigenotoxic whereas at high 

concentrations it becomes genotoxic. In vitro antioxidant activity also revealed a mild 
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antioxidant activity that correlates with this property. For flavonoids, this effect can be 

ascribed to the pro-oxidant activity at elevated doses, combined with the agents that 

induce oxidative damage [82]. These results are in accordance with the denominated 

“Janus” effect proposed for substances with dual effect [220].These results agree 

qualitatively with a recent finding that XN protects mammalian cancer cells at low 

concentrations, while doses higher than 1.8 mg/L had a detrimental effect [201]. 

 

8.4. Conclusions 

This work presents a first approach to the study of antigenotoxic and genotoxic 

effects of XN on Saccharomyces cerevisiae, contributing for an optimized utilization of 

XN in the production of XN-enriched beers and reinforcing the beneficial and harmful 

effects of this compound on yeast cells.  

XN protects yeast cells from oxidative stress and oxidative DNA damage induced 

by H2O2, in a dose-dependent manner for concentrations up to 5 mg/L. The protective 

effect of XN involves a ROS scavenging mechanism with a consequent decrease of 

intracellular oxidation state of cells. However, once a concentration threshold (5 mg/L) 

has been reached, XN triggers the opposite effect leading to a slower growth rate and 

genotoxicity. The evaluation of the impact of XN on yeast mutants affected in the 

oxidative stress response (yap1) proved that XN toxicity is mediated by oxidative 

stress, indicating a pro-oxidant effect of XN in concentrations higher than 5 mg/L. 
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Final remarks and future work 

 

The health-promoting properties of XN have roused the interest in the production of 

beers enriched in this phenolic compound. Since XN is one of the main flavonoid in the 

hop plant, beer is as unique source of XN in the human diet. For this reason, a XN-

enriched beer would be of interest to the brewing and hop industry, and still an 

unexplored market in several countries.  

The principal purpose of this thesis was to understand the influence of the use of 

roasted malts on the isomerization of XN during wort boiling, in order to promote higher 

XN content in the final beer. Moreover, it was also intended to gain insights about the 

impact of the use of roasted malts and higher XN content on the brewing process and 

beer quality. This work clearly demonstrates that changes on the brewing process and 

the use of specific raw materials in order to increase XN content in beer, such as 

roasted malts, may have a great impact on the brewing process, namely on the 

oxidative stability of beer, as well as on the yeast performance. 

 

XN enrichment using roasted malts 

The extension of XN thermal isomerization into IXN during wort boiling was 

evaluated by using malts with different degrees of roasting (Section 4). As 

demonstrated, almost 90 % of the initial XN content was converted into IXN during 

pilsner wort boiling. In agreement with the XAN-technology, XN isomerization was 

largely reduced by decreasing the temperature of wort from 100 ºC to 80 ºC, as well as 

by using roasted malts. Roasted malts were thus responsible for a significant inhibition 

of XN isomerization during wort boiling. Higher XN content in the final wort was 

achieved using intensive roasted malt, wherein a positive correlation between malt 

color and XN content was found. 

Malt color is developed during roasting due to the formation of browning 

compounds as a consequence of the Maillard reaction. Malt roasting at high 

temperatures leads to the development of HMW browning compounds, also referred as 

MLD, with a positive effect on the thermal isomerization of XN. MLD isolated from 
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roasted malts were found to inhibit the isomerization of XN, plausibly due to an 

interaction with XN, since its solubility is higher in roasted malt worts. 

Given the importance of MLD on XN yield during wort boiling, it would be of great 

interest to study a possible interaction of XN with MLD. This investigation may be 

performed using MLD model systems, produced from different aminoacid and sugar 

combinations, and roasted at different temperatures, in order to understand the 

influence of polymerization processes during the Maillard reaction on the impact of XN 

isomerization rates. Moreover, structural analysis by NMR and MS techniques may 

provide important information regarding the MLD groups involved in the XN protection. 

 

Beer oxidative stability – influence of roasted malts 

In parallel, the impact of roasted malts on the oxidative stability of wort and beer 

was evaluated (Section 5 and 6). HMW colored compounds generated during roasting 

have a significant impact on the oxidative stability of malt due to their anti and pro-

oxidant properties. Results suggest that HMW browning compounds are the main 

responsible for the differences in the overall antioxidant potential of the malt types 

studied in this work. As proved, although black malt is generally able to reduce the 

overall levels of radicals generated by the Fenton reaction, HMW compounds exhibit 

an opposite effect due to the reduction of oxidized metal ions like Fe3+ which are 

available for oxidation reactions. Roasted malts, therefore, may have a negative impact 

on the quality of dark beer which can be seen as a limiting factor for the production of 

XN-enriched beers due to their capacity to induce radical formation by the Fenton 

reaction. 

Although further investigations are required concerning the structure-activity 

relationship of MLD, novel insights are here presented concerning the impact that the 

kilning and roasting regimens may have on the antioxidant potential of malt and thus on 

the beer oxidative stability and quality. 
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Beer oxidative stability – influence of XN enrichment 

The XN enrichment may also have a great impact on the oxidative stability of beer. 

The influence of XN concentration on the oxidative stability of beer was evaluated 

using a beer model with radical formation based on Fenton chemistry (Section 7). XN 

was able to scavenge formed radicals at concentrations lower than 2 mg/L but induced 

the formation of radicals at concentrations higher than 5 mg/L in a beer model system 

(5.8 % ethanol, v/v). This is an important find regarding the new advances about XN-

enriched beers, since it demonstrates that the enrichment of beer with concentrations 

of XN higher than 5 mg/L may have a negative impact on its oxidative stability. 

Moreover, XN-enriched pilsner beers could be more prone to oxidation than beers 

produced from dark malts. The addition of XN (10 mg/L) to a beer model containing 

pilsner wort led to higher O2 uptake regarding oxidative reactions while the oxidative 

stability of a model beer containing black wort was not affected by XN enrichment. 

Also considering the impact of XN on the oxidative stability of the final beer, it would 

be important to evaluate the stability of XN during the shelf-life of a beer enriched in 

this polyphenol. Different storage conditions should be studied, as well as the formation 

of possible XN-oxidation products and alterations on the organoleptic profile of beer.  

 

Impact of XN enrichment on brewer’s yeast 

The antigenotoxic and genotoxic effects of XN on yeast cells was evaluated, in 

order to understand the impact of XN-enrichment on yeast performance allowing 

improvements on the brewing process and efficiency of fermentation (Section 8). XN 

enrichment may have a positive influence on yeast cells, protecting them from oxidative 

stress and DNA damage induced by stress conditions. XN was able to reduce 

intracellular oxidation state of yeast cells in a dose-dependent manner in concentration 

up to 5 mg/L, which may be related to a better fermentative performance. On the other 

hand, XN concentrations higher than 5 mg/L slow the growth rate of yeast cells and 

exhibit a genotoxic effect, related to a pro-oxidant effect due to the increase of 

intracellular ROS, as previously described in the beer model based on a Fenton 

Chemistry (Section 7). These results contribute for an optimized utilization of XN in the 

production of XN-enriched beers by reinforcing the beneficial versus harmful effects of 

this compound on brewer’s yeasts when added to the wort at different concentrations.  
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One further topic of interest would be to extend the studies of the impact of XN on 

brewer’s yeast in a brewing context and assess the oxidative stability of the produced 

beer. Also, the adsorption of XN to yeast cells should be evaluated by studying the 

probable interaction of XN with proteins from yeast cell wall, since it is also a critical 

step in XN losses during the brewing process. 

 

As final conclusion, XN content on beer can be increased by using roasted malts 

and decreasing the temperatures up to 80 ºC during wort boiling stage. Though, XN-

enrichment should not exceed the concentration threshold of 5 mg/L since higher XN 

concentrations exhibited a negative impact on yeast cells and induced radical formation 

on a beer model. Dark beers may be the best option for XN enrichment, allowing higher 

XN content and being less prone to oxidation comparing to XN-enriched pilsner beers. 

However, the production of XN-enriched dark beers should be attentive on the impact 

of roasted malts on the oxidative stability of the final beer, due to a pro-oxidant effect 

induced by roasted substances.  
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