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“Eu fico com a pureza
Da resposta das criangas
E a vida, é bonita

E é bonita

Viver e ndo ter a vergonha

De ser feliz

Cantar, e cantar, e cantar

A beleza de ser um eterno aprendiz”

Musica “O que é o que ¢”, Gonzaguinha

"I stick with the purity
Of children's answers
Life is beautiful

And it's beautiful

To live and not be ashamed

To be happy

To sing, and to sing, and to sing

The beauty of being an eternal learner"

Song ""O que € o que é'' by Gonzaguinha
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RESUMO

A crescente ameacga das mudancas climaticas exige acdes urgentes em varios setores,
incluindo a industria cervejeira, a qual contribui significativamente para as emissdes de gases
de efeito estufa (GEE). Esta tese investiga estratégias para melhorar operagdes de fabricagdo de
cerveja, com foco particular na otimizagdo do processamento e uso do lipulo no processo de
fabricagdo para um processo mais sustentdvel. Este estudo teve como objetivo destacar as
possibilidades de melhorar o processamento e o uso do lipulo na fabricagcdo de cerveja por meio
de uma abordagem protedmica inovadora. Ele examina também o potencial para aprimorar
técnicas de processamento de ldpulo, como secagem e extracdo supercritica de CO», para
minimizar o consumo de energia e a geragcao de residuos, a0 mesmo tempo em que maximiza a
qualidade e o rendimento do produto. Além disso, esta pesquisa explora os mecanismos
bioquimicos subjacentes a utilizacdo do lipulo durante a fabrica¢do de cerveja, empregando
andlises protedOmicas avancadas para elucidar os mecanismos moleculares que governam as
interacOes entre proteinas e ldipulo. As percepcdes obtidas a partir dessas investigacdes
oferecem insights valiosos para otimizar as praticas de fabricacdo de cerveja e reduzir o impacto
ambiental. Além das abordagens tradicionais, esta tese adota avancos tecnoldgicos, incluindo
aprendizado de maquina, para informar a tomada de decisdes e a otimizagdao de processos. Ao
usar o poder de insights baseados em dados, este estudo abre caminho para solu¢des inovadoras
aos desafios de sustentabilidade dentro da indistria cervejeira. Em geral, esta tese destaca a
importancia de abordagens interdisciplinares e inovacao tecnoldgica na fabricacio de cerveja

para uma maior sustentabilidade.



ABSTRACT

The escalating threat of climate change necessitates urgent action across various sectors,
including the brewing industry, a significant contributor to greenhouse gas emissions (GHG).
This thesis investigates strategies to enhance the sustainability of brewing operations, with a
particular focus on optimizing hop processing and hop usage in the brewing process. This study
aimed to highlight the possibilities to improve hop processing and usage in brewing through an
innovative proteomic approach. It examines the potential for improving processing techniques,
such as drying and supercritical CO> extraction, to minimize energy consumption and waste
generation while maximizing product quality and yield. Furthermore, this research explores the
biochemical dynamics underlying hop utilization during brewing, employing advanced
proteomic analyses to elucidate the molecular mechanisms governing hop-protein interactions.
Insights gained from these investigations offer valuable insights into optimizing brewing
practices and reducing environmental impact. In addition to traditional approaches, this thesis
embraces technological advancements, including machine learning, to inform decision-making
and process optimization. By using the power of data-driven insights, this study paves the way
for innovative solutions to sustainability challenges within the brewing industry. Overall, this
thesis highlights the importance of interdisciplinary approaches and technological innovation

in brewing for greater sustainability.



ZUSAMMENFASSUNG

Die zunehmende Bedrohung durch den Klimawandel erfordert dringende Ma3nahmen
in verschiedenen Sektoren, einschlieBlich der Brauindustrie, einem bedeutenden Verursacher
von Treibhausgasemissionen (THG). Diese Arbeit untersucht Strategien zur Verbesserung der
Nachhaltigkeit von Brauereibetrieben, mit besonderem Fokus auf die Optimierung der
Hopfenverarbeitung und des Hopfeneinsatzes im Brauprozess. Ziel dieser Studie war es, die
Moglichkeiten zur Verbesserung der Hopfenverarbeitung und des Hopfeneinsatzes im
Brauwesen durch einen innovativen proteomischen Ansatz hervorzuheben. Sie untersucht das
Potenzial zur Verbesserung der Verarbeitungstechniken, wie Trocknung und superkritische
CO2-Extraktion, um den Energieverbrauch und die Abfallproduktion zu minimieren und
gleichzeitig die Produktqualitdt und den Ertrag zu maximieren. Dariiber hinaus erforscht diese
Forschung die biochemischen Dynamiken, die der Hopfennutzung beim Brauen zugrunde
liegen, und verwendet fortschrittliche proteomische Analysen, um die molekularen
Mechanismen der Hopfen-Protein-Interaktionen zu erldutern. Die gewonnenen Erkenntnisse
bieten wertvolle Einblicke in die Optimierung der Braupraktiken und die Reduzierung der
Umweltbelastung. Neben traditionellen Ansitzen greift diese Arbeit auch auf technologische
Fortschritte, einschlieBlich maschinellen Lernens, zuriick, um Entscheidungsprozesse und
Prozessoptimierungen zu unterstiitzen. Durch die Nutzung datenbasierter Erkenntnisse ebnet
diese Studie den Weg fiir innovative Losungen zu Nachhaltigkeitsherausforderungen in der
Brauindustrie. Insgesamt hebt diese Arbeit die Bedeutung interdisziplindrer Ansitze und

technologischer Innovationen im Brauwesen fiir eine gréere Nachhaltigkeit hervor.
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Chapter 1

General introduction, objectives, and thesis structure
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1.1. Introduction

Climate change has rapidly transformed from a distant concern to an urgent reality
confronting humanity. In 2023, the World Meteorological Organization (WMO) confirmed that
the year marked the hottest period since the Industrial Revolution, with the global average
temperature surpassing pre-industrial levels by 1.45°C(Carissa Wong, 2023; World
Meteorological Organization, 2024). The Intergovernmental Panel on Climate Change (IPCC)
underscores the criticality of immediate mitigation and adaptation efforts, emphasizing the pivotal
role of reducing greenhouse gas (GHG) emissions to attain net-zero emissions (Calvin et al., 2023).
Despite these warnings, global GHG emissions persistently arise, reaching 57.4 gigatons of CO»
equivalent in 2022. Among the contributors to this environmental degradation is the brewing
industry, a cornerstone of the global beverage sector, which in 2022 alone produced 1.89 billion
hectoliters of beer, emitting approximately 30,172.15 kilotons of CO> equivalent and generating
4,352,000 tons of waste annually (Silva et al., 2023). Furthermore, the industry's heavy reliance
on hops, a critical ingredient in beer production, exacerbates its environmental footprint, with hop
cultivation contributing significantly to GHG emissions, estimated at 78,481,800 kilotons of CO»
equivalent in 2021.

The hop plant is essential to the brewing industry, which uses the inflorescences, or cones,
of the female plants for flavoring. Inside female strobiles, positioned under the bracts are found
yellow glands called lupulins, which produce two resin fractions, hard and soft (Biendl et al.,
2014). The main compounds used in the brewing process to provide bitterness and aroma to the
beer are located in soft resins, which contain bitter acids and essential oils. The bitter acids are
divided into two groups comprised of a- and B-acids, the first is related to the bitter taste in beer
and is one of the most important compounds in the beer industry (Almaguer et al., 2014).

Hops are rarely used in their raw cone form in the brewing process. Instead, hop-derived
products are favored for their high quality and efficiency (Arruda et al., 2022). Therefore, hop
processing is a crucial component of the brewing supply chain, beginning on the farms with the

drying step after harvest to reduce moisture and avoid spoilage (Biendl et al., 2014). Among the
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core hop products, extracts are particularly valuable for mass beer production, as they offer
superior quality control and higher yields. These extracts are primarily produced using
supercritical CO; extraction, which isolates soft resins through fluid polarity and achieves higher
recovery of bitter acids (Briggs et al., 2004). Though necessary, hop processing contributes
significantly to CO» emissions, especially during the drying and extraction steps which involve
substantial solvent consumption (Hauser & Shellhammer, 2019). Although well-established in
hop-producing countries, there remains considerable potential for optimization in the main steps
of hop-extract production. This optimization is increasingly urgent to reduce GHG emissions and
mitigate the effects of climate change.

The brewing process is also far from optimal in terms of waste production, generating a
vast quantity of by-products. During wort boiling, compounds such as proteins, iso-a-acids, and
polyphenols precipitate, forming a residue known as trub. This trub accounts for between 0.2 and
0.4 kg of waste per 100 liters of beer, which amounted to approximately 364 to 728 thousand tons
of waste generated by the global beer industry in 2020 (Barth-Haas Group, 2021; Mathias et al.,
2014). This residue is also a rich source of proteins, comprising about 50% of its content (Mathias
et al., 2014). Additionally, around 50% of hop bitter compounds are lost during wort boiling,
significantly impacting profitability (Jaskula-goiris et al., 2010). The utilization of a-acids, the
percentage of this compound converted into its isomer, in the brewing industry remains a major
challenge due to the significant loss of bitter compounds to trub. According to Ginz et al. (2021),
proteins originating from barley malt deplete the iso-a-acids content, further complicating the
efficient use of hops.

Wort proteins play a crucial role in stabilizing beer foam due to the formation of a
viscoelastic layer, which consists of a continuous liquid phase and a discontinuous gas phase
(Briggs et al., 2004). Hydrophobic proteins, particularly Lipid Transfer Protein (LTP) and protein
Z, are key to this stabilization (Steiner et al., 2011). The study by Lu et al. (2020) highlighted the
significant influence of protein Z and LTP1 on the surface layer properties, showing that these
proteins interact strongly with iso-a-acids to form spherical aggregates, indicating a robust bond,

especially with protein Z (Lu, Osmark, Bergenstahl, & Lars, 2020). These proteins also constitute
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a major portion of the proteins that precipitate as wort trub during the boiling process, due to their
binding with protein-derived polypeptides (Iimure et al., 2012a). However, most research has
focused on the interaction between proteins and hop bitter compounds in the foam, with
insufficient attention to the role of these compounds in protein precipitation during boiling.
Efforts to improve hop utilization rates have predominantly focused on technological
upgrades. However, addressing this challenge requires a multifaceted approach that considers both
biochemical interactions and brewing practices. Understanding the intricate interplay between hop
bitter compounds and barley proteins during the boiling step could offer valuable insights into
enhancing hop utilization efficiency. By elucidating the mechanisms underlying these interactions,
researchers can inform breeding programs, optimize malting and brewing parameters, and

ultimately, advance sustainability within the brewing industry.
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1.2. General Objectives
Towards the goal of a more sustainable and cost-effective brewing process, the present

work’s primary objective is an in-depth understanding of the main steps in hop-extract processing
and barley malt protein and hop bitter acids linkage throughout wort boiling. This understanding
is essential to improve hop processing and bitter acids utilization in beer production.

1.3. Research questions

2 How does hop drying affect hop quality?

2 Could hop extract be produced from a Brazilian hop variety?

2 How can hop extract production be optimized?

2 Do hop bitter acids affect protein precipitation as trub?

2 Do hop bitter acids interact with specific proteins during wort boiling?

2 Does barley cultivar influence hop bitter acids isomerization during wort boiling?

1.4. Specific Objectives

The study-specific objectives are:
v Determination of the effect of drying temperature on hop quality traits.
v" Investigation of hop-drying performance and kinetic parameters.
v" Obtention of supercritical CO» extraction kinetics.

v Enhancement of hop drying and supercritical CO; extraction steps to establish a low-

energy and cost-effective process.
v" Elucidation of the effect of hop extract addition on the protein profile during wort boiling.
v" Identification of protein groups likely to interact with hop bitter acids.

v" Understanding of how barley malt protein profile affects hop bitter acid utilization.
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1.5. Thesis Structure

This thesis is divided into 8 chapters as demonstrated in Figure 1.1. The journey through
this study begins in the first chapter (Chapter 1: General introduction, objectives, and thesis
structure) with a brief introduction to the topic with current information about the global situation,
the role of hop in the brewing industry, hop processing, and the challenge of hop utilization in
brewing. Furthermore, the readers will find in this chapter the research questions and objectives
of this study.

In Chapter 2 (Literature review), readers will find an extended review of the literature to
highlight the state of the art in hop processing, the current global demand for circular economy
adaptations, the role of hop in beer, and a way to improve its utilization during wort boiling.

In Chapter 3 (Is it possible to improve further hop processing?), the first experimental
paper is presented with the results from an extended study of the drying step's influence on hop
quality. Furthermore, this paper presents the results from an optimized hop supercritical CO>
extraction using a Brazilian hop variety called Mantiqueira. The possibility of extracting hop bitter
acids from hop dried at higher temperatures is presented. This approach may lead to a shorter and
more sustainable process.

Chapter 4 (Could Al also be used for hop processing?) presents the second experimental
paper, which aims to demonstrate the suitability of using machine learning models to predict hop
drying time, thereby enhancing process control. This chapter also presents results on the effect of
the drying step on hop quality and structure.

Chapter 5 (Do hop bitter acids influence wort protein profile during boiling?) contains
the third experimental paper, which contains results on the interaction between hop bitter acids
and protein from barley malt. This outcome highlights also the role of those compounds in the

formation of protein aggregates during wort boiling.
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The last experimental paper is presented in Chapter 6 (Does barley cultivar play a role in
hop bitter acids utilization during wort boiling?). This paper shows the influence of barley
proteome on hop bitter acids isomerization rate during wort boiling. The outcomes include the
protein profile of two barley cultivars and the protein modification during wort boiling, leading to
precipitation.

Chapter 7 (What is the outcome of this thesis?) presents the general discussion of the
thesis. This chapter contains the main observed results that answered the research questions,
moreover, the core to which this thesis contributed to scientific development.

In the last chapter (Chapter 9: Which conclusions can be drawn?), the thesis journey
finishes with a brief general conclusion of the results chapters. In this chapter, is addressed the

responses to the general objective of this thesis.
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8. WHICH CONCLUSIONS CAN BE DRAWN?

The main conclusions from this thesis

6. DOES BARLEY CULTIVAR PLAY A ROLE IN HOP
BITTER ACIDS UTILIZATION DURING WORT BOILING? 7. WHAT IS THE OUTCOME OF THIS THESIS?

Influence of barley proteome on hop bitter acids utilization during wort boiling } | : : z ;
Vi I 9 9 J / The main outcomes of this thesis, answering the research

/ /, questions

4.COULD AIALSO BEUSED
FOR HOP PROCESSING?
Development of a machine Iea.rning m.odel to prec.licT | ’\ 5. DO HOP BITTER ACIDS INFLUENCE WORT PROTEIN PROFILE
time during hop drying / y /,/ DURING BOILING?
// /// Effect of hop addition on protein precipitation profile during wort boiling
- - The role of hop bitter acids on protein aggregate formation during wort boling
2. LITERATURE REVIEW
State of the art of hop processing
Innovation in hop processing and utilization in beer g \ ‘ g 3.1S IT POSSIBLE TO IMPROVE FURTHER HOP PROCESSING?
Role of hop bitter acids in beer : \ / Optimization of hop drying and supercritical CO, extraction
/ Qoy Production of hop extract from hop dried at high temperature

THESIS &

STRUCTURE Of — -

General theme research
Research Objectives
Thesis structure

Figure 1.1. Flowchart containing the thesis's structure according to the chapters presented in the document
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Chapter 2

Literature review
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The world of hops: state of the art and room for innovation toward a circular economy

1.1.1. Current global demand for industry reform

Climate change is no longer a distant scenario; it is a reality we are facing today. In 2023,
the World Meteorological Organization (WMO) confirmed it as the hottest year since the
Industrial Revolution (World Meteorological Organization, 2024). The global average temperature
achieved 1.45°C above pre-industrial levels, edging close to the 1.5°C limit set in the Paris
Agreement (Sanderson, 2023; United Nations - Climate Change, 2024). This surge is primarily
fueled by greenhouse gas (GHG) emissions, resulting in severe climate impacts like heatwaves,
heavy rainfall, and droughts (United Nations - Climate Action, 2024). In the same year, the
Amazon Forest experienced its driest season on record, devastating the world's richest biodiversity
and affecting thousands of indigenous people (Meghie Rodrigues, 2023). These extreme droughts,
coupled with heatwaves, fueled wildfires across the globe, signaling the irreversible consequences
of climate change (Nasa - earth observatory, 2024). The Intergovernmental Panel on Climate
Change (IPCC) emphasizes that the extent and speed of climate change and its associated risks
pivot greatly on immediate mitigation and adaptation efforts. Scientists emphasize the urgency of
reducing GHG emissions to achieve net-zero emissions (Calvin et al., 2023). However, despite
these warnings, global GHG emissions continue to break records, reaching a new high of 57.4
gigatons of CO: equivalent in 2022 (United Nations, 2023).

Beer, the largest segment of alcoholic beverages, has a long history and is a principal drink
globally. In 2022, the brewing industry produced 1.89 billion hectoliters of beer worldwide
(Statista, 2024). This production also generates significant waste and GHG emissions. In 2023, the
industry emitted approximately 30,172.15 kilotons of CO2 equivalent, generating 4,352,000 tons
of waste annually from various stages of the process (Silva et al., 2023). This represents around
1% of total global GHG emissions. The primary wastes include Brewer's Spent Grain (BSG), hot
trub, and spent yeast, often repurposed as animal feed. Additionally, beer production requires
substantial energy input, and its raw materials, principally barley, and hops, also contribute to an
environmental footprint. Furthermore, energy consumption during brewing and raw material

processing significantly impacts product quality. For instance, the boiling step in brewing is one
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of the most energy-intensive stages, yet it is essential for enhancing beer color and flavor through
the Maillard reaction, facilitating DMS volatilization, and ensuring wort clarification.

The brewing industry stands as the keystone of the hop sector, consuming 97% of its output
for beer production (Biendl et al., 2014). Hop cultivation has seen steady growth in recent decades,
particularly in the production of bitter acids, reaching around 14,000 metric tons of alpha-acids in
2021 (Barth-Haas Group, 2021). Hops play a vital role in beer-making, imparting distinct flavors,
especially the bitter taste provided by isomerized alpha-acid. However, they also represent the
most expensive raw material, with a market value of USD 1741.05 million in 2023 (Skyquest,
2024). Nevertheless, hop production in 2021 resulted in a substantial estimated GHG emission of
78,481,800 kilotons of CO, equivalent (BarthHaas Europe, 2021;
Hopfenverwertungsgenossenschaft, 2021). According to the sustainability report of
Hopfenverwertungsgenossenschaft (HVG) (2021), counting only energy consumption for
harvesting, drying, and irrigation, hop cultivation in Germany emitted 2,340 kg of CO equivalent
per hectare.

Like many others since the Industrial Revolution, these industries have adhered to the
linear economy model, which revolves around production, consumption, and disposal (Liu &
Ramakrishna, 2021). However, this model has proven to be unsustainable, as it entails extracting
resources in an unlimited manner from a planet with finite resources. This unsustainable approach
has significantly contributed to the global climate crisis over the past century (Calvin et al., 2023).
Thus, transitioning from a linear economy model to a circular one could be pivotal in achieving
sustainable production and contributing to the attainment of UN sustainable development and net-
zero goals (United Nations, 2024).

The principles of the circular economy model revolve around minimizing waste and energy
consumption through reuse, reduction, and recycling (Deutz, 2019). However, this concept is not
entirely new; it has been practiced for millennia by ancient civilizations such as the indigenous
societies of the Amazon Forest (Peripato et al., 2023). During the pre-Columbian era, these
societies developed their civilizations based on circularity, as evidenced by the construction of

recently discovered cities in the region (McMichael et al., 2012; Peripato et al., 2023). For
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example, in the Equatorial Amazon, an urban center was recently unearthed in the Upano Valley.
Its circular layout is characterized by integrating agriculture into urban landscapes, showcasing
sustainable food production practices. These societies exemplify the potential for growth in
harmony with natural cycles (Rostain et al., 2024).

The circular economy is built on concepts like industrial symbiosis, where one industry's
waste becomes another's raw material, and sustainable development, which aims to harmonize
economic growth with environmental and social welfare (Liu & Ramakrishna, 2021). The
challenge lies in moving from theory to action, particularly in ensuring that circular economy
practices benefit all parts of society and align with global sustainability objectives. In the brewing
and hop industry, circularity could involve reusing nutrient-rich by-products to create new food
and cosmetic items, as well as enhancing efficiency and reducing energy consumption by
optimizing the process (Cimini & Moresi, 2021; Petiti et al., 2022).

The brewing industry holds significant potential for transitioning into a biorefinery,
supplying raw materials for food production through a circular model (Claudia Salanta et al.,
2023). For instance, one such by-product, hot trub, contains valuable protein, polyphenols, and
hop bitter acids (Silva et al., 2023). Over the past decades, hot trub has been combined with
brewer’s spent grain for livestock feed, a low-value use for these potentially valuable compounds.
On the other hand, the modern food market has a clear demand for plant-based protein, driven by
trends in vegan and high-protein diets, which could be fulfilled by hot trub protein. Moreover, hop
bitter acids, highly valued in brewing, are largely found in hot trub, resulting in a substantial loss
of approximately US$ 8,368,740 worth of hop bitter acids in the brewing industry (Kunze, 2019;
Mathias et al., 2014). This not only represents a financial loss but also carries a significant
environmental impact due to the high CO: emissions associated with hop production. It
underscores the urgent need to optimize the utilization of hop products within the brewing process.

An integral part of reusing agro-industrial residues involves adding value to by-products,
thus lessening their environmental impact. For example, a recent study by Cerqueira e Silva (2022)
proposed extracting hop bitter acids from hot trub using membrane technology. This method

effectively eliminated solids, mainly protein aggregates, due to their size and electrophoretic
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profile, presenting a potential solution for purifying these compounds. By embracing a circular
economic model, the brewing industry could utilize new technologies to increase the value of its
by-products and diminish its environmental footprint.

Over the past decade, there has been a substantial focus on developing innovative
technologies for recovering and reusing brewing by-products, as represented in Figure 2.1, which
illustrates the increasing number of publications related to these keywords. However, it is crucial
to note that the circular economic model extends beyond mere reuse and recovery; it also
emphasizes the significant reduction of waste production and energy consumption throughout the
production process (Geng, 2019). By adopting more efficient resource utilization strategies, such
as optimizing raw material usage and implementing sustainable production practices, not only can
environmental benefits be achieved, but the overall environmental footprint can also be
significantly reduced. This holistic approach ensures that the brewing industry not only minimizes

waste but also operates in a more sustainable and environmentally responsible manner.
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Figure 2.1. Evolution of paper publication related to hops and brewing by-product in comparison with
efficiency of process. The mentioned numbers represent the absolute number of publications by year.

As illustrated in Figure 2.1, there has been a noticeable lack of focus on improving process
efficiency within the brewing and hop industry. This oversight becomes especially critical in light
of the energy crises that Europe has faced since 2022, rooted in the Russian conflict with Ukraine

which led to natural gas shortages in Europe. This situation has urged the industry to reconsider
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its energy consumption practices and develop new strategies to conserve energy. Consequently,
the brewing and hop sectors in Europe have begun taking initial steps towards transitioning to
renewable energy sources in alignment with the European Union's directives (European
Commission, 2024). However, to further reduce the industry's environmental footprint without
significant loss of production, there is a pressing need for additional research into process
parameters and optimization. By fine-adjusting these aspects, the industry can achieve greater
energy efficiency and sustainability, contributing to the broader goals of reducing GHG emissions
and environmental impact.

In this regard, this review aims to provide updated information on recent developments in
optimized hop production and its enhanced utilization in the brewing process. The review
methodology involved synthesizing information regarding hop processing, potential
improvements in processing techniques, and applications in the brewing industry. Selection
criteria for relevant studies included their quality, data availability, and relevance to the topic, with
a focus on publications from the past three decades. To gather this information, the metadata tool
"Scholarly Works," available on the Lens platform, was utilized. Studies within the Agricultural

and Food Science fields were targeted, and a combination of keywords such as "hops," "Humulus

"n-n nn "nn

lupulus,” "process," "drying," "extraction," "by-products,” "waste," "beer," and "brewing" was
used to search. This comprehensive approach ensured a thorough exploration of recent
advancements and insights into optimizing hop production and its integration into the brewing
process.

1.1.2. Why process hops?

Botanically, hops are described as climbing, perennial, and dioecious plants belonging to
the Cannabinacea family, specifically in the species Humulus lupulus or Humulus japonicus
(Verzele & Keukeleire, 1991). However, only H. lupulus holds commercial value in the brewing
industry, utilizing the inflorescence of female plants known as hop cones (Figure 2.2). These cones
comprise glandular trichomes called lupulin glands, containing compounds crucial to brewing and
the hop industry, including bitter acids and hop essential oils. However, these bitter acids are

susceptible to oxidation when exposed to light and oxygen, as well as the loss of essential oils
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through volatilization (Dierckens & Verzele, 1969; Verzele, 1986). Consequently, over 95% of

hop cones undergo processing into hop products to extend their shelf-life (Schonberger, 20006).

Figure 2.2. Representation of hop female inflorescence and the glandular trichome (lupulin gland)

Presently, the primary hop products are hop pellets and extracts, offering enhanced
efficiency due to their ease of handling and homogeneity. Given the higher moisture content of
hop cones after harvesting, drying occurs on-site at farms to prevent spoilage and microbial
degradation. Subsequently, the dried cones undergo further processing steps, such as pelletization
or extraction. Hop pellets may be enriched (type 45) or non-enriched (type 90), with the enriched
pellet production involving an additional step of milling and sieving at low temperatures to
crystallize the lupulin glands. This process separates less desirable components like cone leaves,
stems, and stalks, resulting in pellets with a higher concentration of lupulin and desirable brewing
compounds like bitter acids (Hopfenveredlung, 2024).

Hop extracts are derived from pre-pelletized hops, commonly through supercritical CO2
extraction, utilizing CO2 as a solvent under high pressure to achieve a supercritical state. This
method is highly selective, leading to increased extraction yields (Hopfenveredlung, 2024).
Extracts are more stable and can be stored for up to ten years under refrigeration, reducing
transportation and storage volume compared to whole cones and pellets (HVG, 2024).
Additionally, it enhances efficiency in the brewing process. Therefore, hop processing plays a

crucial role in improving utilization during brewing and storage logistics.
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1.1.3. Hop processing
Hop processing involves several steps, starting with harvesting at the hop farms. Figure
2.3 presents a simplified flowchart of the hop processing stages, highlighting the main steps to
produce hop pellets and hop extract through supercritical CO3 extraction. This review will explore

the advances in the drying and extraction steps, which are the most energy- and time-consuming
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Figure 2.3. Simplified hop processing flowchart

1.1.3.1. Hop drying advances

The first step in hop processing involves drying the flowers, typically done on the farm
after harvest to reduce moisture content (Biendl et al., 2014). At harvest, hops usually have around
80% moisture, which is relatively high and can promote degradation reactions such as oxidation,
enzymatic breakdown, and microbial spoilage (Neve, 1991). Historically, water removal has been
a traditional method of food preservation, offering benefits such as reduced transportation and
storage costs. Drying is a common technique used to decrease water content in food, thereby
lowering water activity (Kerr, 2013a). This process is crucial for hops, as they are often stored in
bales for months before processing, and effective water removal is essential for maintaining quality
during storage. Typically, hops are dried after harvest to achieve a final moisture content of 9 to

11%, followed by a conditioning step (Biendl et al., 2014).
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For decades, research into hop drying remained largely unexplored, resulting in a lack of
innovation in this area. However, since 2020, scientists have increasingly focused on studying the
hop drying process and developing alternatives to optimize drying efficiency and enhance hop
quality. The urgency of improving energy efficiency in hop drying, particularly in Europe, was
highlighted by the war in Ukraine in 2022. This drying phase is often considered the bottleneck in
hop processing, as the timing of hop harvesting is dependent on the availability of dryers to prevent
the deterioration of hop cones.

Longer storage of hops before drying leads not only to spoilage and deterioration but also
to chemical changes, which decrease quality even after drying. Raut et al. (2020) conducted an
experiment where fresh hop cones were stored for different periods (5 or 24 hours) before being
dried at 65°C for 210 minutes. The study found that the content of linalool, B-caryophyllene,
humulene, and geraniol in hops increased depending on the storage period. However, myrcene, a
key component of hop essential oils, decreased with longer storage periods. The research also
noted a significant color difference (AE values) between fresh and stored hops, indicating
discoloration during storage. By understanding how storage duration and freezing affect the
essential oil content and overall quality of hops, farmers can optimize their storage practices to
preserve the best qualities of these essential beer ingredients.

Drying processes have long been employed in the agricultural industry due to their
simplicity, primarily relying on the thermal energy from the warm surrounding air to remove free
water from products (Kerr, 2013b). However, controlling this process can be challenging, often
depending on the operator's experience, and leading to over-drying (Ziegler et al., 2021). To
improve the efficiency of hop drying in belt driers, Rybka et al. (2017) examined the impact of
drying parameters on over-drying. Their research revealed that hops dried at the end of the second
belt in a three-belt drier. This resulted in over-drying the hops at the end of the third belt, ultimately
compromising product quality and process efficiency. Further investigation conducted by the same
group involved monitoring the moisture content of different hop components, such as strings and
bracts, throughout the drying process in a belt drier (Hefmanek et al., 2018). They found that the

optimal moisture content for strings is between 6-8%, ensuring thorough drying without becoming



Page |38
brittle. Conversely, bracts are dried to a level that would typically make pressing the hops
impossible. Therefore, a conditioning process is employed where they are re-moistened to achieve
an optimal moisture content of 8-11% (Hetfmanek et al., 2018). Thus, the main challenge in hop
drying lies in achieving uniform drying of the hop cones without over-drying.

The conditioning phase, a period typically characterized by reduced temperature and
increased humidity, aims to equalize the moisture content of hops after drying phase. In a prior
study conducted by Mejzr & Hanousek (2007) focusing on hop quality in a belt drier, the research
suggests optimizing the drying process by eliminating the conditioning phase of the kiln and
halting drying at a moisture content below 10%. This approach is proposed to potentially reduce
energy and costs while expediting the process. However, this proposal has been controversial.
Other researchers, such as Rybka et al. (2017), emphasize the importance of the conditioning step
to achieve an optimal moisture level and prevent over-drying.

The performance of the drying process is heavily reliant on the equipment utilized, as it
directly impacts the efficiency of moisture removal. Therefore, in-depth attention is required in
drying research, considering the specific processes employed and their adaptation to the equipment
being used. For example, in a study by Rybka et al. (2018), a comprehensive approach was taken
to compare the drying process in chamber dryers with that of belt dryers. This research utilized a
combination of dataloggers, fixed sensors, and laboratory analyses. The findings highlighted
significant differences in the drying air temperature and relative humidity between the two
methods. In chamber dryers, it was observed that as the hops progressed from one slat box to
another, the drying air temperature decreased while the relative humidity increased. This gradual
change suggested a more controlled and gentle drying process, ultimately resulting in a more
uniform moisture content in the hops. By emphasizing these nuances in drying equipment and
processes, researchers can better understand and optimize the drying process for improved
efficiency and quality outcomes.

Hop drying efficiency depends significantly on various process parameters, including
temperature, airflow, bed height, and air humidity. These parameters play crucial roles in

determining the velocity of dehydration and the rate of water transfer from the product to the
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surrounding air (Kerr, 2013b). In a study by Ziegler & Teodorov (2021), the airflow resistance of
hop cones in different drying scenarios was investigated, considering variables such as varying air
velocities and bed heights. This resistance, influenced by factors like cone size, shape, and
moisture content, directly impacts the efficiency of the drying process. The researchers observed
significant differences in airflow resistance among hop varieties, noting a non-linear increase in
pressure with bed height, particularly evident in fresh hops. Moreover, the study underscored the
importance of bulk density, which refers to the mass of hops per unit volume, in the drying process,
thereby influencing drying efficiency. Overall, the findings highlight the distinct bulk densities
and airflow resistances exhibited by different hop varieties, emphasizing the necessity of a
designed approach to drying based on the specific characteristics of the hops being processed.

The impact of bulk weight was also investigated in a study conducted by Raut et al. (2020).
The research involved experiments with hops dried in batches of 15, 25, and 35 kg/m? at 60°C and
0.35 m/s, with additional tests conducted at 65°C and 0.45 m/s for the 25 kg/m?2 bulk. The findings
revealed a significant influence of bulk weight on drying behavior. Specifically, the 15 kg/m? bulk
exhibited the highest specific energy consumption and color change (AE value) of 6.3, indicating
a more pronounced alteration in chemical composition. By taking into account factors such as bulk
weight, drying temperature, air velocity, and hop cone size, farmers can refine the drying process
to improve both efficiency and product quality.

One key aspect of drying is the temperature at which it is conducted, impacting the hop
quality concerning chemical and sensory properties. However, there is no clear consensus on the
ideal temperature for preserving hop quality. Rybka et al. (2018) discovered that drying hops at a
lower temperature of 40°C retained 90% of their flavor compounds compared to traditional drying
at 55°C. In a subsequent study, the impact of drying temperature on essential oil retention in Saaz
hop cones was investigated (2021). Results showed a significant retention of essential oil when
drying at 40°C in comparison to the conventional 60°C. Conversely, Rubottom et al. (2021)
demonstrated that higher drying temperatures can lower the activity of dextrin-reducing enzymes
in hops, which could affect beer fermentation and quality. Focusing on two major aroma cultivars,

Amarillo and Simcoe, Rubottom et al. (2022) examined how different drying temperatures
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(ranging from 49-82°C) affected these enzymes. Additionally, Rubottom et al. (2024) conducted
a study over two harvest years, analyzing six popular American aroma hop varieties: Amarillo,
Cascade, Centennial, Citra, Mosaic, and Simcoe. Their findings revealed that drying temperature
did not significantly impact the chemical and sensory properties of the hops. Interestingly, the
authors suggest that hop growers could potentially employ higher drying temperatures without
compromising aroma quality, offering potential benefits in terms of sustainability (reduced energy
consumption) and operational flexibility.

Innovation in the drying process remains scarce despite its pivotal role in enhancing
efficiency and sustainability. Addressing this gap, Hofmann et al. (2013) conducted research on
energy recovery during hop drying, a significant step towards fostering more sustainable and
efficient beer production. The study aimed to assess the efficacy of heat recovery from the exhaust
air generated during the hop drying process. Furthermore, it studied the volatile hop oil
components recovery, as these compounds play a vital role in the brewing process and are
susceptible to loss during traditional drying methods. The research project involved the
implementation of a heat exchanger in an industrial-scale hop drier to capture energy from the
exhaust air, which typically contains reusable heat. The heat recovery process demonstrated an
efficiency of approximately 57%, resulting in a notable 9-degree increase in the temperature of the
fresh air utilized in the drying process. Furthermore, the study analyzed the condensate generated
during heat recovery, revealing low concentrations of hop oil components. To enhance the
recovery of these volatile compounds, an activated carbon filter was installed, leading to a
significant improvement in the retrieval of hop oil components. Overall, this research represents a
significant advancement in the quest for more sustainable and efficient beer production practices
through innovative approaches to energy utilization and preservation of hop quality.

The adoption of innovative drying techniques holds the potential to revolutionize the
preservation of agricultural products, ensuring their chemical and sensory qualities remain at high
standards. This not only benefits consumers with superior products but also has broader
implications for the industry, making production more cost-effective and environmentally

sustainable. Traditionally, hot-air drying has been the standard method for drying hops. However,
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recent research has explored innovative techniques like freeze drying and microwave vacuum
drying (MVD). Ferenczi et al. (2018) found that freeze-drying stood out for preserving the highest
amount of B-myrcene, a crucial aromatic compound. Yet, this preservation came with a higher
energy consumption compared to other methods. On the other hand, MVD, while slightly more
energy-intensive than hot-air drying, offered a promising middle ground. It effectively retained
aroma compounds and produced a desirable porous and crunchy texture in dried hops, potentially
enhancing brewing efficiency. Additionally, Addo et al. (2022) concluded that pre-freezing,
especially when followed by microwave-assisted hot air drying, is highly effective, striking a
balance between efficiency and quality. However, the application of these innovative techniques
presents a challenge for hop farmers due to the high initial costs involved. Despite this obstacle,
the long-term benefits in terms of improved product quality and operational efficiency may
outweigh the initial investment, making it a worthwhile consideration for the industry's future.

Artificial intelligence (AI) offers promising applications in optimizing hop drying
processes through real-time monitoring and control. Sturm et al. (2020) explored the use of visual
sensors to achieve this goal, aiming to enhance product quality and performance. The study
integrated three types of visual sensors into the drying system: Vis-VNIR hyperspectral and RGB
cameras, along with a pyrometer. These sensors facilitated continuous and non-invasive
monitoring of hop-drying behavior, generating valuable data for process optimization. By
employing chemometric analyses, which utilize statistical methods to analyze chemical data, the
researchers accurately predicted moisture content and color changes in the hops. This highlights
the potential for real-time quality control during the drying process, enabling adjustments to be
made promptly to optimize product quality and efficiency. Incorporating Al-driven monitoring
and control systems into hop-drying processes holds promise for improving overall efficiency and

product quality, ultimately benefiting both producers and consumers.

1.1.3.2. What is new in hop extraction?

Lupulin glands, constituting approximately one-fifth of the dry hops' weight, are pivotal in

hop products like pellets or extracts. They concentrate the lupulin by separating it from the
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vegetative matter (Verzele & Keukeleire, 1991). While hops extracts were traditionally produced
through solvent extraction methods such as ethanol and hexane, residues from these solvents may
persist in the final beer product. Consequently, the hop industry predominantly utilizes
supercritical CO» extraction due to its fluid polarity and superior yields in recovering bitter acids
(Briggs et al., 2004; Lewis & Young, 2002). The resulting extract is typically stored in cans at
room temperature, as this environment offers optimal stability against oxidation, facilitated by
both processing and packaging methods. Moreover, in brewhouses, precise dosage control of hop
extracts is essential for achieving consistent bitter flavor quality and minimizing raw material
wastage (Briggs et al., 1982; Brunner, 2005; Verzele & Keukeleire, 1991). Therefore, hop
processing plays a vital role in enhancing beer quality and industry efficiency by maximizing the
utilization of bitter acids and ensuring a balanced bitter taste in the final product.

The first industrial plant for supercritical fluid extraction (SFE) was established for the
extraction of caffeine from coffee beans and resins from hop flowers (Meireles, 2008). Even today,
these remain the primary processes utilizing SFE, with CO» being the preferred solvent due to its
variable solvent power based on pressure and temperature, as well as its low viscosity (Sanz et al.,
2019; Sovova & Stateva, 2011). Hop extraction plants typically consist of extractors filled with
milled hop pellets, through which CO; passes, carrying bitter compounds. Before extraction, liquid
CO> undergoes a series of cooling, pumping, heating, and compression steps to achieve the
supercritical state (Biendl et al., 2014), as explained in Figure 2.4. This process allows for mild
extraction conditions with low operating temperatures, resulting in an extract closely resembling
the natural material compared to extracts obtained through steam distillation or conventional
solvent extraction methods (Herrero et al., 2010; Sanz et al., 2019; Sovova & Stateva, 2011).
Liquid CO; transitions into the supercritical state when conditions surpass the critical point (31°C
and 73 bar), where the fluid exhibits properties similar to both liquids and gases (Herrero et al.,
2010). These properties, coupled with CO>'s non-polarity, enable the easy dissolution of both a-
and fB-acids, resulting in extraction yields of up to 99% of bitter acids (Verzele & Keukeleire,

1991).
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Figure 2.4. Representation of supercritical CO2 hop extraction

Optimizing supercritical CO2 extraction conditions, regarding temperature and pressure, is
vital for efficiently obtaining the desired compounds from hops. In that matter, Valle et al. (2003)
began optimizing the supercritical COz extraction process using Nugget hops as a benchmark.
They found that a pressure of 20 MPa and a temperature of 40°C were the most effective
conditions. Higher pressures did not significantly improve extraction rates and could lead to the
co-extraction of undesirable compounds. Further research by Nagybdkay et al. (2021) produced
extracts rich in a- and B-bitter acids under conditions of 37 MPa pressure, 43°C temperature, and
an 80-minute extraction time. Compared to the conventional one-stage SFE-CO2 process, these
optimized conditions resulted in a three-fold increase in extraction yield and bitter acids recovery,
all achieved in a significantly shorter time. The extract's composition was also notable for its
negligible content of chlorophyll and carotenoids, which can be undesirable due to their color and
taste. This research underscores the potential of supercritical CO> extraction to improve both the
efficiency and quality of hop extracts, which is crucial for enhancing beer production.

The extraction efficiency can be enhanced by using other solvents in addition to
supercritical CO». Bizaj et al. (2021) underscore the importance of solvent selection and operating

conditions in supercritical fluid extraction, particularly for extracting bitter acids from hops.
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Solvents such as CO, propane, SF6, and dimethyl ether (DME) were tested at various densities,
temperatures (ranging from 20°C to 80°C), and pressures (50 to 150 bar). This study highlights
the superior efficiency of DME in extracting these compounds. For instance, the optimal
conditions for DME extraction were found to be 40°C and 10 MPa for a-acids, 60°C and 50 MPa
for B-acids, and 60°C and 15 MPa for overall extraction yield. These conditions led to the highest
concentrations of bitter acids in the extracts, demonstrating DME's superior dissolution power for
hop compounds. Veiga et al. (2021) explored the use of supercritical CO> and compressed propane
enriched with ethyl acetate as a cosolvent to extract phenolic compounds from hops. The results
highlight a significant enhancement in extraction yield and efficiency, particularly in reducing
extraction time by 71%.

The use of counter-current extraction, a technique where the solvent and the feed move in
opposite directions, is particularly favored for large-scale operations due to its potential for higher
productivity. Hoshino et al. (2018) explored the use of high-pressure counter-current extraction
with dense CO; to achieve maximum flavor purity and recovery. This study demonstrates the
efficacy of this approach for the fractionation of flavor and bitter compounds in hop-ethanol
solutions. By carefully controlling the temperature, pressure, and solvent-to-feed ratio, it is
possible to achieve both high purity and recovery of flavor compounds, which is essential for
enhancing the quality of beer.

Innovations in SFE involve not only optimizing process parameters and solvents but also
refining process conduction. Klimek et al. (2021) employed a modified two-step SFE process to
enhance compound extraction. In the first step, the supercritical fluid extraction yielded a crude
extract (E1) containing a mixture of a-acids, f-acids, and terpene derivatives, along with some
impurities. This extract exhibited a higher yield compared to other extraction methods. The second
step involved re-extracting the post-extraction residues to obtain a sample enriched in
xanthohumol, termed extract E2.

Another extensive research effort by Van Opstaele (2012a, 2012b, 2013) developed a two-
step extraction process to extract and fractionate hop oil essences from hop pellets. In the first step,

most volatile compounds were extracted from T-90 hop pellets using CO> at a specific density and
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temperature. In the second step, the hop residue from the first extraction was subjected to another
round of SFE, this time at a higher CO: density (Van Opstaele et al., 2012b). This step targeted
the less volatile, yet equally important, "spicy” compounds. The researchers found that a CO>
density of 0.50 g/mL (at 50°C and 110 atm) was the optimal condition, ensuring a balance between
selectivity and yield (Van Opstaele et al., 2012a).

To enhance beer flavors and aromas, researchers have turned to SFE using CO; as a
solvent. This method efficiently separates desirable aromatic compounds from the bitter ones in
hops. The challenge in the hop industry is to extract aromatic compounds while minimizing
bitterness. Although SFE is well-established in the hop industry, researchers are exploring ways
to optimize the process, particularly for hop aroma compounds. Dzingelevicius et al. (2011)
applied SFE using supercritical CO; to extract essential oils from "Marynka" hops, finding that a
trap temperature of 5°C, an extraction pressure of 8.5 MPa, and an extraction time of 10 minutes
yielded the highest oil recovery. Bizaj et al. (2022) employed a semi-continuous extraction method
using sub- and supercritical fluids with varying polarity—CO; and propane as non-polar solvents,
and dimethyl ether (DME) as a polar solvent. They highlighted the importance of extraction
methods in obtaining higher yields of xanthohumol and essential oils, noting optimal results at
40°C and 5 MPa. Pannush et al. (2023) found that lower temperatures and higher pressures
generally led to higher extraction yields, with sensitivity to pressure varying among oil
components. For instance, f-myrcene showed greater sensitivity to pressure changes compared to
a-humulene.

The extraction might also be influenced by the hop variety used. Therefore, a study by
Zekovic¢ et al. (2007) focused on five different hop cultivars, with the Magnum variety standing
out for its high essential oil content and extract yield. The extraction process was conducted in two
steps: first at 15 MPa and 40°C for 2.5 hours, and then at 30 MPa and 40°C for an additional 2.5
hours. The choice of pressure and temperature in each step is crucial, as it determines which
compounds are extracted. The Magnum cultivar, known for its bitterness, showed the highest

content of a-acids, the compounds responsible for the bitter taste in beer, in the second step of
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extraction. This indicates that the SFE-CO; method was effective in selectively extracting the bitter
compounds from this variety.

As the beer industry continues to evolve, the exploration of extraction methods is crucial
for meeting the demand for high-quality, flavorful beers. Formato et al. (2013) focused on
extracting hop bitter acids using supercritical fluid extraction (SFE) compared to a cyclically
pressurized solid-liquid extractor known as the Naviglio Extractor. The study revealed that using
supercritical CO, without modifiers was particularly effective in isolating B-acids from hops.
However, the addition of ethanol as a co-solvent, a common practice to enhance the extraction of
polar compounds, resulted in a heterogeneous extract, indicating a less selective extraction
process. In contrast, the Naviglio Extractor, a cyclically pressurized solid-liquid extraction system,
demonstrated a higher extraction capacity for oa-acids. This method involves the repeated
pressurization and depressurization of the extraction vessel, enhancing the penetration of the
solvent into the plant material and the subsequent extraction of target compounds. The results
suggest that this technique could be particularly useful for extracting specific compounds that are
less soluble or more challenging to extract using SFE.

Conventional extraction methods, while effective to some extent, have limitations,
prompting the exploration of innovative techniques like ultrasound-assisted extraction (UAE),
high hydrostatic pressure (HHP) extraction, and microwave-assisted extraction (MAE). These
methods aim to improve extraction efficiency while minimizing the presence of unwanted
substances, aligning with the modern industry's focus on environmentally friendly practices.
Santarelli et al. (2022) conducted a study comparing traditional extraction methods with innovative
approaches such as ultrasound and high-pressure techniques to determine the most efficient way
to obtain valuable compounds. Their findings revealed that the choice of extraction method and
conditions (temperature and time) significantly influenced the phenolic profile and the content of
various bioactive compounds in hop extracts. However, the optimal method and conditions varied
depending on the specific bioactive compound being targeted for extraction. In a recent study by
Kljaki¢ et al. (2024), SFE was employed for lipophilic extracts and hydrodistillation for essential

oils, while hydrophilic extracts were obtained using ultrasound and microwave techniques. The
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results indicated that the extraction technique had a more significant influence on these activities
than the hop variety. This suggests that the method of extraction plays a crucial role in preserving
or enhancing the beneficial properties of hops.

Traditional methods, such as hydrodistillation, have long been employed for essential oil
extraction, but they can be time-consuming and may not yield the highest concentrations of desired
compounds. A solution could be the innovative technique of microwave-assisted hydrodistillation
(MAHD), which offers the potential for higher efficiency and better quality of essential oils. In a
study by Tyskiewicz et al. (2018), two extraction methods were compared: microwave-assisted
hydrodistillation (MAHD) and conventional hydrodistillation (HD). The researchers identified the
optimal conditions for MAHD as 335 W of microwave power for 30 minutes, using a water-to-
raw material ratio of 8:3. These conditions resulted in essential oils with a high concentration of
B-myrcene, ranging from 74.13% to 89.32% by weight, a key indicator of o0il quality and aroma.

Another innovative technique to improve the extraction yield of volatile compounds
involves utilizing CO; in a subcritical state. This has garnered attention for its ability to preserve
volatile compounds and increase extraction yields, making it a promising technique for obtaining
high-quality hop extracts. Fisher et al. (2023) conducted a study to compare products obtained
through hydrodistillation and subcritical CO> extraction methods, assessing their chemical
compositions and potential applications, particularly in the brewing industry. The extraction yield
varied significantly between the methods, with subcritical CO; extraction showing higher yields
(ranging from 8.76% to 15.35% m/m) compared to hydrodistillation (0.38% to 1.97% m/m) for
both essential oils and extracts. This research highlights the potential of hop extracts, particularly
those obtained through subcritical CO; extraction, as valuable products with applications in the
brewing industry.

The researchers also explored simpler extraction techniques. Recently, Garcia et al. (2024)
demonstrated the effectiveness of ten organic solvents for the initial extraction of compounds from
hop pellets. Among these, a mixture of methanol and dichloromethane stood out, paving the way
for further optimization. The extraction variables, including temperature and solvent

concentration, were fine-tuned to achieve the highest recovery rates of the target compounds. The
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optimized conditions, involving the use of 19.7% (v/v) methanol at room temperature for 89
minutes, resulted in impressive recovery rates: 86.57% for a-acids, 89.14% for B-acids in soft
resins, 78.48% for xanthohumol in hard resins, and 67.10% for phenolics in spent solids. These
conditions were then successfully validated across six different hop varieties, highlighting the
robustness and versatility of the optimized extraction process. However, most of those solvents
are not food-grade, which prevents their usage in hop extraction.

Traditionally, optimization has relied on offline analysis methods, which, while effective,
are time-consuming and may not provide real-time insights. This is where the innovation of online
monitoring through optical metrology techniques, such as Raman spectroscopy with shifted
excitation, comes into play. These techniques offer the potential to enhance the efficiency and
quality of SFE processes by providing continuous, real-time data on the extraction process. The
core of the research developed by Schuster et al. (2018) lies in the development and application of
an in-situ Raman measurement system for monitoring the supercritical CO; extraction of hops.
This measurement method is a spectroscopic quantitative technique, that successfully measures
compounds in a mixture. The system's effectiveness was demonstrated by monitoring the
extraction of two different hop varieties under varying conditions of temperature and pressure.
This real-time monitoring capability not only optimizes the extraction process by allowing for
adjustments in the flow but also reduces the need for costly calibration, making it a practical and
efficient tool for various SFE applications.

Also towards a circular economy, researchers have recently been exploring the reuse of
spent hops from the brewing process, which are a rich source of bioactive compounds. A study
conducted by Inumaro et al.(2023) focused on hop cone residues from craft breweries, aiming to
extract and evaluate the bioactive potential of the compounds, particularly in terms of their
antioxidant, antimicrobial, and cytotoxic activities. The results were multifaceted, showing that
lower temperatures and pressures, along with higher ethanol percentages, led to increased
concentrations of certain compounds and higher antioxidant activity in both chemical and cell-
based assays. Conversely, other compounds and antioxidant activities were favored by lower

temperatures and pressures but higher ethanol percentages. These findings not only contribute to



Page |49
the sustainable utilization of brewing by-products but also open up new avenues for the

development of multifunctional ingredients for various industries.

1.2. Hop bitter acids in beer: is it possible to enhance its utilization?

1.2.1. Explaining hop bitter acids

Inside female strobiles, positioned under the bracts, are found the yellow glands called
lupulins which are composed of two resins fractions, hard and soft (Biendl et al., 2014). The main
compounds used in the brewing process to provide bitterness and aroma to the beer are located on
the soft resins, which contain the bitter acids and essential oil. The bitter acids are belong to two
groups comprised of a- and B-acid, the first series is related to the bitter taste in beer and is one of
the most important compounds in the beer industry (Almaguer et al., 2014).

The a-acids include five constituents that differ by the side chain, they are humulone,
adhumulone, cohumulone, posthumulone and prehumulone as shown in Figure 2.5 (Durello et al.,
2019; Verzele & Keukeleire, 1991). The B-acids are distinguished from a-acids by the prenyl chain
at carbon atom-6. Moreover, they also comprise five homologues named lupulone, adlupulone,
colupulone, postlupulone and prelupulone (Figure 2.5) (Briggs et al., 2004; Durello et al., 2019).
The compounds are biosynthesized and accumulated during flowering in the female inflorescence
and in the leaves. Furthermore, the acyl chain which distinguishes the homologue molecules is
obtained in the leucine-biosynthetic pathway (Goese et al., 1999; Keukeleire et al., 2003).
Although the reason to use hops a-acids compounds in wort boiling is to provide bitterness in beer,
the bitter taste is not offered by a-acid directly, due to low solubility in aqueous solutions
(Keukeleire et al., 2003). Rather, the a-acids must be isomerized to form more soluble compounds.
This is achieved in the brewing process when high temperatures are applied (Cooman & Goiris,

2018).
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Figure 2.5. Alpha- and beta-acids homologues chemical structure

The key bitter compounds in beer are the iso-a-acids generated by the isomerization
reaction that follows first-order kinetics (Huang et al., 2013; Jaskula et al., 2008; Malowicki &
Shellhammer, 2005). The humulones are converted into isohumulones via an acyloin-type ring
contraction, building two epimeric isomers cis- and trans-isohumulones during wort boiling
process step (Clippeleer et al., 2014; Verzele & van Boven, 1971). The reaction is influenced by
process parameters like temperature, pH, divalent metal ions, and wort density, which could affect

both isomerization reaction and utilization (Bastgen et al., 2019).

1.2.2. What is hop utilization?

The a-acids utilization is defined as the yield of the iso-a-acids present in beer compared
to the initial content of a-acids added (Jaskula-goiris et al., 2010). It represents a massive challenge
in the brewing industry, considering the extensive loss of bitter compounds during the processes.
Only around 30-50% of bitter acids will be found in the finished beer, which translates to a
reduction in beer production profitability, especially for highly hopped beverages (Kappler et al.,
2010). Barth-Haas Group stands among the largest hop producers in the world. According to the
Group (2019), a 10% increase in bitter acid utilization - from 30% to 40% - in a batch of 200,000
hl of beer with the addition of 30 mg of iso-a-acids/L, achieves around 15,000 euros savings.
Therefore, iso-a-acids utilization is an essential factor for industry, not only for the environment

by reducing hop usage footprint, but also for economic reasons.
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In the past decades, the brewing industry has sought alternatives to increase hop a-acid
utilization. However, this remains a profitability issue since current options mainly involve
acquiring new types of equipment. Improving the utilization of iso-a-acids by around 5% would
significantly enhance brewery profitability and reduce GHG emissions. For instance, in a mid-size
brewery with an annual beer output of 300,000 hL, such improved utilization could result in
savings of approximately €20,000 per year and a reduction in CO, emissions of about 16 kg per
year. For the German beer industry, this would translate to savings of around €5.61 million and a
reduction in CO; emissions of about 4.5 tons. Therefore, optimizing the utilization of raw

materials, such as hops, would benefit the industry economically and enhance its sustainability.
1.2.3. Hop compound-protein interaction

As mentioned above, the a-acids are converted into iso-o-acids during the wort boiling
process (Clippeleer et al., 2014; Verzele & van Boven, 1971). According to Génz et al. (Génz et
al., 2021), the iso-a-acids content is depleted by the proteins originating from the barley malt. The
role of iso-a-acids in beer foam stability due to interaction with foam-active proteins has been
reported by several researchers (Clark et al., 1991; Evans et al., 2018; Ferreira et al., 2005; Kapp
& Bamforth, 2002; Smith et al., 1998). They are the most abundant proteins in the wort along with
the haze-active proteins (Iimure et al., 2012b). However, there is still a lack of knowledge about
minor proteins, such as enzymes and barley defense proteins, and hop bitter acids interaction.

It is well established that wort protein plays an important role in foam stabilization and
quality due to the formation of a viscoelastic layer with a linkage comprising a continuous liquid
phase and discontinuous gas phase (Briggs et al., 2004). Hydrophobic proteins are mainly
responsible for stabilizing the foam layer, especially those known as LTP and protein Z (Steiner
et al., 2011). Recently, Lu et al. (Lu, Osmark, Bergenstahl, & Lars, 2020) studies showed the
influence of these two proteins on the surface layer and the property's dependence upon iso-a-
acids and protein interactions (Lu, Osmark, Bergenstahl, & Lars, 2020). They observed formation
of spherical aggregates of iso-a-acids and proteins, which suggests a strong bond between these

compounds, preferentially with protein Z (Lu, Osmark, Bergenstahl, & Lars, 2020). These protein
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fractions were also found to comprise the major fraction of proteins precipitated into wort trub
during the boiling step due to binding with protein-derived polypeptides (Iimure et al., 2012a).

However, much of the research up to now has been focused on the protein-hop bitter
compounds interaction in the foam and little attention has been paid to the equally important role
of hop bitter compounds in protein precipitation during boiling. The mechanism of hop bitter
substance interaction with barley proteins is unknown as well as the barley protein fraction that
binds to them. Understanding the protein-hop bitter substance binding capacity will help improve
hop utilization rates by reducing the reactive protein fractions by selecting appropriate barley

cultivars, setting breeding goals, and/or modifying malting and brewing parameters.

1.2.4. Hop bitter acids beyond bitterness

Hop bitter acids, especially iso-a-acids, are well-known for giving beer its bitter taste.
However, these compounds also play important technological roles in beer production.
Researchers have discovered that these acids have significant antioxidant properties. According to
Wietstock and Shellhammer (2011), hop humulones and isohumulones can reduce the formation
of hydroxyl radicals due to their metal chelation and scavenging abilities. Oxidative reactions,
which commonly occur during beer storage, can degrade the quality of the beer. The antioxidant
capacity of hop bitter acids helps maintain the flavor stability of beer during storage by preventing
oxidative changes and the formation of aldehydes (Karabin et al., 2014; Mertens et al., 2022).

Beer can undergo changes in flavor and quality over time, especially during storage. A major
challenge in maintaining beer quality is the development of stale flavors due to chemical reactions,
particularly the degradation of iso-a-acids. As beer ages, these acids break down, reducing
bitterness and forming off-flavor aldehydes (Caballero et al., 2012; Intelmann et al., 2011).
Clippeleer et al. (de Clippeleer et al., 2010) studied how trans-iso-a-acid degradation affects
aldehyde formation during aging. They found that aging increases cis-iso-a-acids due to the
reverse isomerization of trans-iso-a-acids. However, aldehyde formation was not directly linked
to iso-a-acid degradation, suggesting that factors like malt quality and brewing processes are more

significant for flavor stability.
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One of the main traits of beer quality is foam stability, which contributes to a visually pleasing
appearance for consumers. The impact of iso-a-acids and their chemically modified counterparts
on foam stability was highlighted by Hughes (2000). The study demonstrated that iso-a-acids,
especially the modified versions called hexahydro- and tetrahydro-iso-a-acids, act as effective
foam stabilizers. This stabilization likely occurs via hydrophobic interactions with amphipathic
polypeptides. Further research confirmed these findings, elucidating the role of iso-a-acids in beer
foam stabilization, particularly through interactions with protein Z and LTP (Evans et al., 2018;

Lu, Bergenstahl, et al., 2020).

1.2.5. Innovation and Future Perspectives

There is a growing global demand for greener processes that use resources efficiently and
reduce waste generation. To achieve more sustainable production, the circular economy approach
is key to reaching net-zero emissions. However, innovating in the hop and brewing process is more
challenging than in newer food production methods due to its long-established practices.

The improvement of these processes involves the application of new technologies, such as Al
and other emergent technologies. The former has become a popular tool for optimizing daily tasks
and processes. While algorithms can be implemented relatively easily, the challenge lies in
acquiring sufficient data. To develop reliable Al models, a substantial amount of data is required
to enhance accuracy and predictive capabilities. However, storing ‘big data’, particularly on
supercomputers, demands significant energy. Despite its promise for process optimization, Al
should be used cautiously, with a critical perspective on the models generated to ensure higher
prediction accuracy.

Emergent technologies have been extensively explored by researchers and innovative food
industries. For instance, microwave-assisted extraction has been implemented for hop compound
extraction, enhancing the utilization of this raw material in brewing (Milestone Srl, 2024). These
technologies can improve both process efficiency and environmental footprint by optimizing

resource usage and reducing energy consumption.
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Additionally, understanding the biochemical mechanisms of hop bitter acids binding to
proteins could open new possibilities for use in plant-based foods. This market has grown
substantially in recent years, with significant investments from both public and private sectors. By
comprehending the relationship between proteins and hop bitter acids, these compounds could be
used in alternative products to improve emulsion stability and texture in extruded foods. Notably,
B-acids offer a neutral taste and anti-microbiological activity, making them particularly valuable

in these applications.
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Chapter 3

Is it possible to improve further hop processing?
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ARTICLEINFO ABSTRACT

Keywords: Hop cultivation has been increasing in the past decade in Brazil, demanding a better understanding of how the
Mphﬂ'“‘:l‘d processing influences the national hop varieties. Despite the hop process being well-established in the producer
Beta-aci

countries, there is still room for optimization to reduce energy consumption for a more sustainable process. This
study’s main purpose was to understand the influence of drying and supercritical CO; extraction on the quality of
hop extracts. The hop quality during drying was evaluated regarding color, bitter acids, xanthohumol, total
essential oil content, and volatile profile. Supercritical CO, extraction yields, and bitter acid recovery were
assessed by HPLC in a range of different temperatures (40 or 60 °C) and pressure (15, 20, 25, or 30 MPa)
conditions. Hop processing was optimized to produce a greater extract quality from a Brazilian hop variety,
saving energy and solvent consumption, and consequently, reducing the process footprint. Furthermore, this
study established supercritical CO, extraction conditions for Brazilian hop extract production, offering the na-
tional beer industry an alternative to overpriced products.

Drying kinetic
Humulus lupulus L,
Supercritical fluid
Emergent technology

1. Introduction

The hop plant (Humulus lupudus L.) naturally grows in temperate
climates, with wide daily sunlight and large temperature changes be-
tween the seasons. These climatic factors are found in the principal hop-
producing countries, such as the USA and Germany (Barth & Meier,
2021). Those conditions are claimed to be essential for cultivation and
higher cone quality. However, Thomas (1980) and Srecec et al. (2008)
demonstrated no significant effects of sunlight quantity on o-acid
accumulation during hop flowering. According to the authors (Srecec
etal., 2008), the most relevant weather condition for hop flowering and
high a-acid yield in cones was the sum of effective temperature and total
rainfall. Furthermore, Bauerle (2019) showed that photoperiodism and
dormancy are unrelated. These findings imply that a more widely global
hop production is possible, even in countries like Brazil which lie outside

* Corresponding authors.

the temperate climate zone.

Hop is valued due to its unique composition with hundreds of
bioactive compounds. Those are placed within the lupulin gland which
is found inside the female inflorescence (Biendl et al., 2014). Among
them, the o- and p-acids are the most important and present the highest
content ranging between 2-15 % and 2-10 % in dry weight, respectively
(Zhang et al., 2021). Furthermore, hop contains around 4 % (dry weight)
of phenolic compounds with a wide range of compounds (Durello et al.,
2019). Xanthohumol is a particular polyphenol from hops that repre-
sents 0.1 to 1 % (dry weight), including a high anti-inflammatory and
antioxidant capacity (Stevens & Page, 2004).

Hop production in Brazil is still incipient, summing up to 50 ha
cultivated over several regions with different microclimates (Jas-
trombek et al., 2022). Nevertheless, the crop demonstrates enormous
potential, unique terroir, and competitive quality compared with the
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main producers (Pontes Guimaraes & Ferreira Guesti, 2020; Santos
etal, 2022). In addition, Arruda et al. (2021) found a high content of a-
and p-acids, and great antioxidant potential, in hydroethanolic extracts
prepared from varieties cultivated in Brazil.

Brazil stands out amongst the most important beer markets world-
wide, being the third largest producer (Kirin Company, 2019). Also, the
Brazilian craft beer market increased rapidly over the past decades. In
2019, for example, 320 new microbreweries were founded, increasing
the national total to 1209 (Van Evnde, 2018). The cuirent situation
demands greater amounts of raw material supplies, like hops. Currently,
the country imports hop products, like pellets or extracts, used in the
beer industry contributing to the cost of beer production.

Hop is rarely used as a cone in the brewing process. Rather, hop-
derived products are used to enhance beer quality due to their high
quality and efficiency (Arruda, Pinheiro, Silva, & Bemardes, 2022).
However, hop processing is responsible for high CO, emissions, espe-
cially the drying step (Hauser & Shellhammer, 2019). Although the
process is well-established in hop-producing countries, there is still
room for optimization across the main steps of hop extract production.
Hop cultivation has been gradually expanding in Brazil, which demands
an investigation into the process conditions to reach a high-quality and
sustainable produet. Thus, more studies on hop processing are necessary
to facilitate the development of an efficient and sustainable hop and
brewing industry in Brazil, offering excellent hop products at a
competitive price. Furthermore, no previous research has evaluated
supercritical CO; extracts enriched in bitter acids using a Brazilian hop
variety as raw material. Therefore, this study’s main purpose was to
understand the effects of hop process parameters on hop quality, espe-
cially drying and supercritical fluid extraction steps. This study opt-
mized the process by saving energy consumption towards more
sustainable production.

2. Materials and methods
2.1. Sample material
Fresh Brazilian hop (Humulus lypulus L) variety ‘Mantiqueira’ pro-

vided by Van Den Berg company, containing 3.36 % of a-acids, 2.67 % of
p-acids, and around 1.52 mL of total essential o0il/100 g of hops, was
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used in the present study. The hop cones were stored at —18 °C until the
drying trials and physicochemical analysis. Furthermore, prior to su-
percritical fluid extraction, the hop samples were dried at 70 “C for 2.5 h
to a final moisture content of 12.03 %.

2.2. Drying process

The fresh cones were dried in triplicate at 70, 55, and 40 °C with an
air velocity of 6.6 m/s and volumetric airflow of 0.013 m°/s. As shown
in Fig. 1, the trials were carried out in three perforated (mesh 14, wires
30 mum) 314 stainless steel (30 x 20 x 10 cm) baskets placed in an oven-
drier (Model MA035, Marconi, Piracicaba, Brazil). Each batch was
performed with three baskets containing 100 g of hops each. The hops’
weight was measured during the drying process through one of the
baskets linked to a weight balance connected to a PC, acquiring data
every minute with the aid of self-developed software. The samples for a-
and p-acid analyses were randomly collected from the other two baskets
every 30 min during the 70 °C and 55 “C assays, and every 60 min during
the 40 °C assays.

The moisture rate (MR) is a dimensionless value calculated according
to Equation (1).

=] X_ch
X-l]_xcq

Where, X, Xeq and Xg correspond to average moisture content at
weighing time (g/gsqlias), average equilibrium moisture content (g/
Zsolids), and average initial moisture content (g/g;qds), respectively
(Betl, 2018). The equilibrium moisture content was determined by
drying a hop batch until a constant weight was achieved, characterized
as equilibrium.

The drying rate (DR) was calculated according to Equation (2) and
EXPIESSEd as gw:lter/gso!ids*nﬁ-n-

X—II_X-II
lz = ll

MR

1)

DR =

2

Where, t; and t; were at different times during the drying process,
while X;; and X» were the moisture content at time t; and ty, respec-
tively (Betl, 2018).

Fig. 1. Diagram of data collection during the drying experiment.
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2.3. Moisture content analysis

The moistuwre content was analyzed following the Hops-4 ASBC
(American Society of Brewing and Chemists) (ASBC Methods of Anal-
yais, 1958) methodology adapted to 1 g of sample dried in an oven drier
for2 hat105 °C.

2.4. Supercritical fluid extraction (Xg)

The dried hops were ground in a knife mill (Model MA340, Marconi,
Piracicaba, Brazil). After milling, the mean particle diameter (Dp) was
calculated according to ASAE Standards through particle size classifi-
cation using a vibratory system (Model 1868, Bertel, Caieiras, Brazil),
and assembled with 10 to 80 mesh sieves (WS Tyler, Wheeling, USA),
resulting in mean particle diameter (Dp) of 0.83 + 0.03 mm. The
apparent density of the bed (p;) was calculated by dividing the sample
mass loaded into the extraction cell by the cell’s internal volume. The
particles’ real density (p,) was conducted in an Automatic Pycnometer
Ultrapyc 1200 (Quantachrome Instruments, Boynton Beach, USA) by
Pictometry, and using the helium gas method, resulting in 0.94 + 0.01
g/em’. The total porosity of the bed () was calculated using Equation
(3), resulting in a bed density of 0.4 g/mL and bed porosity (&) of 0.74 +
0.01.

e=1—(p,/py) (3

Supercritical CO, extracts were produced in a Spe-ed system (Model
7071, Applied Separations, Allentown, USA). The system also contains a
cooling bath (Model MA184, Marconi, Sao Paulo, Brazil), a pneumatic
pump for CO, pressurization, an electrical oven to control the extraction
temperature, and a flow totalizer (LAO, GO, Sao Paulo, Brazil).

Initially, the effects of temperature (40 or 60 °C) and pressure (15,
20, 25, or 30 MPa) were evaluated. These conditions were selected based
on previous studies (Zekovic et al., 2007; Meyer et al., 2012). Thus, an
extraction vessel of 25 mL (@ 2.0 x 13.0 cm) was filled with 10 g of
ground hops. The vessel was assembled in the oven and heated to the
selected temperature. The system was pressurized with CO, until the
desired pressure and maintained for 5 min (static period). The CO; flow
rate remained constant at 5.0 g/min and the solvent (S) to feed (F) ratio
was S/F = 20. The extracts were collected in glass flasks, weighed using
an analytical balance, and stored at —18 °C for further analysis.

2.5. Supercritical fluid extraction kinetic study

From the kinetic study, an overall extraction curve (OEC) was ob-
tained at 40 °C and 20 MPa, demonstrating a higher extraction yield.
These experiments were performed in the same extraction unit Spe-ed
system (Model 7071, Applied Separations, Allentown, USA), using a
300 mL extraction vessel ((} 5.0 % 21.0 em). The extraction vessel was
filled in with 30 g of milled hops with a bed porosity (¢) of 0.92 + 0.01.
After reaching the desired extraction conditions, the bed was maintained
for 15 min (static period). The CO, flow rate was 15.0 g/min. A total
extraction time of 90 min was adopted to ensure the diffusion-controlled
period in the overall extraction curve was achieved. These experiments
were performed in duplicate.

2.6. Extraction yield

The extraction yield (geywacr/100 g of hops) was calculated as the
ratio of the total extract mass (MgxT) to the mass of raw material used to
feed the system on a dry basis (F), according to Equation (4). The results
were expressed as the mean + standard deviation.

M
Extraction yield (%) = (Tm)* 100 (4)
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2.7. Bitter acid anadlyses

2.7.1. Sample preparation

Samples of fresh and dried cones were lyophilized for 24 h to elim-
inate residual water and milled using liquid nitrogen to avoid oxidation
reactions. The analysis was carried outin triplicate for each sample. For
bitter acid extraction, 20 mL methanol was added to 250 mg of hop
powder (acidified with 0.01 % formic acid) in a falcon tube and agitated
for 1 h. The samples were centrifuged (Laborline, Barueri, Brazil) for 5
min at 700 x gand an aliquot of 5 mL of supernatant was withdrawn and
transferred to an amber glass tube. The samples were filtered using a
0.45 pm cellulose filter supplied by Sinergia Cientifica (Campinas,
Brazil) and followed by HPLC (High-Pressure Liquid Chromatography)
analysis.

For the supercritical CO, extract analyses, 10 mg of extract was
diluted with 10 mL methanol (acidified with 0.01 % formic acid). The
samples were filtered using a 0.45 pum cellulose filter supplied by
Sinergia Cientifica (Campinas, Brazil).

2.7.2. HPLC analysis

The o- and p-acid contents were determined by HPLC (Waters Cor-
poration, Milford, USA), according to the method adapted from Keu-
keleire et al. (2003) and Hops-14 ASBC (American Society of Brewing
and Chemists, 2008). The column used for compound separation was a
C-18 column (SunFire, 250 x 4.6 mm, 5 pm; Water Corporation, Milford,
USA). Chromatographic conditions consisted of an isocratic gradient
composed of 15 % eluent A (milli-Q water acidified with 1.47 % (v/v)
phosphoric acid 85 %) and 85 % of eluent B (HPLC-grade methanol).
The injection volume was 10 pL using a Waters 717 plus autosampler.
The flow rate was 1 mL/min, the run time was 50 min, and the column
temperature was 25 °C. The detection was at 314 nm for a- and p-acids
and 370 nm for xanthohumol using the Waters 996 photodiode array
detector. The retention time comparison with an external standard (ICE-
4 and xanthohumo!l 60 % Standard), also applied for quantification of o-,
p-acids, and xanthohumol determined the identification of the peaks.

2.8. Surface color measurement

The surface color of samples was determined by a portable color-
imeter MiniScan XE (Hunter Associates Laboratory, Inc., Reston, Vir-
ginia, USA), with enlightening D65 and an observation angle of 10°. The
CIE Lab color parameters, i.e. L* (whiteness or brightness), a* (redness
or greenness), and b* (yellowness or blueness) coordinates, were used to
describe the color of samples. Color measurements were taken in
triplicate.

2.9. Scanning electron microscopy

Samples were placed onto double-sided carbon tape fixed to an
aluminum specimen. A TM-3000 (Hitachi High Technologies America,
Inc., Japan) scanning electron microscope was used to analyze the
lupulin gland with non-destructively pre-treatment. The crystal lattice
was observed in Analytical mode, with a 300 to 500-fold increase.

2.10. Essential oil

2.10.1. Total essential oil content

Total oil content was determined using hydro-distillation, following
the methodology described by ASBC (ASBC Methods of Analysis, 1938).
100 g of fresh and dried hops were submitted separately to hydro-
distillation for 4 h using a Clevenger apparatus. The volume of oil was
observed in the receiver.

2.10.2. Hop oil composition
Samples of fresh and dried cones were lyophilized for 24 h to elim-
inate residual water and milled using liquid nitrogen to avoid oil
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degradation. For sample preparation, extraction was performed with 1 g
of hop powder added to 20 mL of ethyl acetate, and a rotary-vacuum
evaporator removed the ethyl acetate. The samples were transferred to
amber vial glass tubes and stored.

The major essential oil compounds were identified and evaluated
following ASBC Hops-17 methodology (ASBC Methods of Analysis,
2004). A sample of 10 % (v/v) hop oil solution was prepared by adding
100 pL of hop oil and 900 pL of hexane in a glass autosampler vial. Hop
oil composition was determined by Gas Chromatography (Shimadzu,
Kyoto, Japan) coupled with a Flame lonization Detector (FID). 1 pL of
the hop oil solution was directly injected into the injection port held at
200 °C and a split ratio of 1:50. The column used for compound sepa-
ration was a ZB-5 column (Zebron, 30 m x 0.25 mm, 25 ym), and ultra-
pure helium was used as a carrier gas with a constant flow rate of 0.6
mL/min. The GC oven temperature program started at 50 “C held for 1
min, followed by a ramp to 260 °C (3 “C/min) and continued at 260 °C
for 15 min. The analyte concentrations in hop oil were standardized on a
percentual area compared to the standard for each compound (Merk,
Darmstadt, Germany).

2.11. Statistical analysis

The temperature (40, 55, and 70 °C) and drying time (30, 60, 90,
120, 150, 180, 210, and 240 min) effects on bitter acid contents were
evaluated by analysis of variance (ANOVA), using the software Minitab
16® (Minitab Ine., State College, USA) and with a confidence level of 95
% (p < 0.05). The effects of the SFE parameter temperatures (40 and
60 °C) and pressure (15, 20, 25, and 30 MPa) were analyzed in a fully
randomized factorial design (2 x 4) in duplicate, totaling 16 experi-
ments. The influence of the parameters on the extraction yield and a-
and -p acids was evaluated by analysis of variance (ANOVA) and Tukey's
Honestly Significant Difference test using the software Minitab 16®
(Minitab Inc., State College, USA). Additionally, for the hop oil
composition dataset, the unsupervised analysis using principal compo-
nent analysis (PCA) was performed in RStudio (package: FactomineR) to
assess the groupings or trends in the data. The eigenvalue and cumula-
tive percentage of variance were used to determine the number of
principal components (Table S1, Supplementary Material).

3. Results and discussion
3.1. Drying curves and kinetics

Fresh hop cones with 79 % (3.77 gwater/ Ssolids) initial moisture con-
tent were dried until 15 % moisture (0.17 gy qer/ Esoligs) to avoid over-

drying. After, the dried hops were submitted to conditioning, reaching
the equilibrium moisture of 12.03 %. Fig. 2a presents the drying curves
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that express a dimensionless moisture rate (MR) as a function of time.
From the graph, the exponential tendency of drying curves (R* =
0.9841) can be seen. As expected, the air-drying temperature demon-
strated a significant negative correlation with drying time. The drying
time increased 2.5-fold with air-drying temperature decreasing from
70°C (2.5 h) to 40 °C (8 h), and 1.5-fold from 70 °C to 55 °C (4 h). The
extended time at low temperatures was expected as a typical time and
temperature dependency on food drying. The processing time could also
be influenced by air velocity, environmental humidity, and bulk weight;
however, this study did not explore those parameters (Ilerr, 201 3;
Marquez et al., 2006).

Fig. 2b provides a kinetic drying curve that expresses the drying rate
as a function of moisture content. The drying kinetics presents three
phases: initial period, constant rate period, and falling rate period (Kerr,
2013). In the drying kineties (Fig. 2b), only the initial and falling rate
phases are present, representing the main stages. The constant rate
period is commonly absent in real food drying processes (Keir, 2013).
The initial drying rate positively correlates with the drying temperature;
it reached 0.035 gyarer/ eolids *Mmin at 70 “C. Likewise, the values deter-
mined at 55 °C and 40 °C were 0.017 and 0.007 gyurer/Esolids MiN,
respectively. Critical moisture is defined as the moisture content at the
end of the constant rate period. Those values were 3.36, 3.53, and 3.63
Zwater/ Esolids for 70, 55, and 40 “C, respectively. The drying temperature
affected the critical moisture, which directly influenced the water
diffusion rate toward the surface.

Knowledge about the hops’ drying profile is paramount to improving
the process and product quality and reducing energy consumption. This
study’s findings offer a wider understanding of the hop drying process,
enabling improvement. The drying rate is a key engineering parameter
to determine the dryer production capacity and optimize the process
(Kerr, 2013). The drying process creates the highest greenhouse gas
emission during hop processing (Hauser & Shellhammer, 2019).
Therefore, the control of the process, as well as the reduction of the time
due to the temperature increase, might lead to a saving in energy
consumption.

In this study, the drying curves were obtained for the variety Man-
tiqueira, although the drying process can be influenced by the size of the
cones which is variety-dependent and directly impacts the bed density
and the mass flow rate. Therefore, further investigation is needed to
provide a complete account of hop drying behavior.

3.2. Evaluation of hop quality during the drying process

3.2.1. Color

Hop color is a relevant quality attribute for product acceptance by
the consumer. Fig. 3 shows the color results for the hops during the
drying process. As expected, hop color degraded during the drying
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Fig. 3. Hop color measurement during drying process at: (a) 70 °C; (b) 55 °C; (c) 40 °C; (d) CIE L* a* b* color space diagram (Ly et al., 2020) *For detailed statistical

information, see Table 54 in the Supplementary Information.

process ranging from green in the fresh cones to green-brown in the
dried cones. The CIELAB color space diagram shown in Fig. 3d repre-
sents the quantitative relationship between the colors on three axes: L*
value indicates lightness, a* and b* are chromaticity coordinates (Ly
etal., 2020). By ANOVA (95 % CI), a* value increases significantly (p-
value < 0.05) which evidences the green color degradation during
drying (Table S4, Supplementary Material). The fresh cone’s color
contains a* negative value of —1.05, demonstrating the highest green
color intensity among the samples. This behavior can be seen in
Figure S1 (Supplementary Material) which shows the color of each
sample. The L* value significantly (ANOVA, 95 % CI; p-value < 0.05)
decreased during drying, indicating the reduction of hop lightness. The
overall color difference (AE) is a combination of L*, a*, and b* values
and reveals the variation of color during processing (Nozad et al., 2016).
By ANOVA (95 % CI), the results of AE at 55 °C and 40 °C drying (7.34
+ 0.83 and 1.66 + 0.89) were statistically significantly similar (p-value
> 0.05) whereas the values differ significantly from the samples dried at
70 °C. These findings demonstrate that the elevated temperature
increased by 70 % of the AE with a higher impact on the color change.

This outcome suggests that temperature influenced directly the
product quality regarding appearance. The color change in food drying
is an unavoidable effect due to the high-temperature exposure of the

product. Figure 51 (Supplementary Material) demonstrates the color
change of the hop samples during drying. As observed in the analytical
results, it can be seen that the green color is the one most affected by the
process. Hop is rich in chlorophyll which is degraded to gray-brown
compounds, such as pheophytin. Chlorophyll degradation to pheophy-
tin is induced by heat in presence of H' (Bonazzi & Dumoulin, 2011).
The magnesium atom present in the chlorophyll structure is replaced by
two hydrogens, producing pheophytin (Arslan & Ozcan, 201 2). Previous
studies documented the importance of the drying process in the hop
quality concerning color (Raut et al., 2020b, 2020a; Rybka et al., 2018;
Ziegleretal,, 2021). The hop color is an important quality parameter to
hop product acceptance, such as pellets due to the remaining amount of
vegetal matter. However, it might not greatly affect the hop extract
quality (Raut et al., 2020a; Sturm et al., 2020). The supercritical CO3
extraction removes the vegetal matter, producing an extract comprised
of soft resin (Biendl et al., 2014). Therefore, the color modification
demonstrated during the drying step does not directly affect the quality
of the hop extract which ean be produced from hops dried at higher
temperatures.

3.2.2. Bitter acids and xanthohumol
Fig. 4 presents the total o-, p-acid, and xanthohumol content in g/
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100 g of hops during drying at 70 °C, 55 °C, and 40 °C. The sampling
interval for the 40 °C assay was at 1 h instead of 30 min due to the
prolonged process, and the amount of product available for the trials
was insufficient to afford higher sampling numbers. Interestingly, this
study found no statistical difference (ANOVA, 95 % CI; p-value > 0.05)
in the o-, p-acids, and xanthohumol content each time at 40, 55, and
70 °C throughout drying. Furthermore, the data showed no statistical
difference due to drying temperature (p-value > 0.05), so the null hy-
pothesis (there was no difference between the averages) was accepted.
This finding is in concordance with Sturm et al. (2020) findings, which
showed the thermostability of o- and f-acids during the drying regard-
less of the bulk weight. This behavior is in accordance with this study’s
outeomes that demonstrate the slight drying temperature influence on
hop quality concerning a-acids content. This compound is highly valued
in the beer industry, providing bitterness (Almaguer et al., 2014). It is
well-established in the literature that loss of bitter acids during hops
processing and storage is due to oxidation (Almagueret al, 2014; Doe &
Menary, 1979; Mikyska & Krofta, 2012; Skinner et al., 1977; Srecec
et al., 2009). However, the a- and f-acids demonstrate thermostability
despite the homologs due to protection against oxidation by the lupulin
gland (Table S2, Supplementary Material). The bitter acid content
(Fig. 4) endures, regardless of temperature increase. This behavior
might not be affected by other drying parameters, such as air velocity or
air humidity, which are directly related to drying time (Ierr, 2013).

Lupulin gland structure in fresh and dried hops is shown in Fig. 5a
whereas Fig. 5b demonstrates different states in which lupulin could be
found during the process. The lupulin gland sheath comprises the
secretory cell cuticle and a layer of the primary cell wall which is noticed
in the ruptured gland (Fig. 5b) (Oliveira et al., 1988). According to
Oliveira et al. (1988), the cuticle is composed of lipids and wax. Lupulin
gland morphology constitutes secretory cells, where the secretions
accumulate in the space between the cuticle and plasma membrane
(Menary & Doe, 1983; Oliveira et al, 1988). In this case, the gland
structure persists without ruptures during the drying step, although it
shrinks due to dehydration. This behavior can be seen more prominently
in the drying at 40 °C, in which the dried gland volume is lower than
fresh hop glands (Fig. 5a). Srecec et al. (2009) studying the morphology
of the lupulin gland in the hop processing demonstrated that the
pelletizing step plays the most important role in damaging the lupulin.
The exposure of the bitter acids and polyphenols due to lupulin rupture
leads to its oxidation in further processing steps. However, as presented
in this study, the compounds are preserved in the drying step by the
protection of the lupulin gland. This implies that hops destined to pro-
duce bitter-acid enriched extraets could be dried at higher temperatures
to reduce processing time without affecting hop bitter acid content.

3.2.3. Essential oil

The total essential oil content was measured in fresh and dried hops
at each temperature. The results presented in Fig. 6a demonstrate the
reduction of the total oil content due to drying. The essential oil content
decreases with the increasing temperature, indicating an influence of the
drying temperature on this compound. The drying process drastically
reduces the amount of essential oil in the hop, decreasing by 51,77 %
when dried at 40 °C. Despite the extended time, the lowest temperature
maintained the highest total essential oil content. The sample dried at
70°C contains the lowest content with 0.55mL/100 g of hops. However,
the essential oil profile was not affected by the drying temperature
regarding the main essential oil compounds (Table §3, Supplementary
Material). The relative percentage of compounds had a low effect,
demonstrating that the essential oil is equally lost in all compounds.
Rybka et al. (2018) demonstrated that drying hop at 40 °C preserves the
total essential oil content compared with hops dried at 55 °C. Hop
essential oil is widely used to improve beer’s aroma with high usage
through dry-hopping techniques (Gomes et al., 2022). However, the
essential oil content has only minor relevance in hop bitter acid extract
production since the extraction process conditions are specific for bitter
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Fig. 5. SEM imaging of lupulin gland: (a) image at x300 of fresh and dried hop; (b) Illustration of different lupulin gland states.

compounds (van Opstaele et al., 2012).

Hop essential oil comprises a complex mixture of hundreds of vola-
tile compounds. In this study, PCA was used to discriminate the major
essential oil compounds in the fresh and dried hops to help to under-
stand the influence of drying temperature on those compounds (Alma-
guer et al., 2014). The number of principal components (PC) was
selected according to the eigenvalues and accumulated variance to
describe the results more accurately (Table S1, Supplementary Mate-
rial). Fig. 6b shows the biplot with the first two PCs, which eapture
85.21 % of the accumulated variance (Table S1 Supplementary Mate-
rial). Notably, the treatments demonstrate a clear separation in the
clusters. This behavior indicates the prominent impact of drying tem-
perature on the hop aroma profile, especially the treatment at 55 °C and
the fresh hops which were widely distributed.

Interestingly, the close position between the samples dried at 70 °C
and 40 °Creveals their similarities in aroma profiles. The PC] had as the
main contributors the compounds alpha-humulene, trans-caryophyllene,
and myrcene (Figure 52, Supplementary Material). They are responsible
for the greatest differentiation between the aroma profile of hop dried at
55 “C and the other treatments. Linalool, beta-pipene, and citronellol
represent the higher contribution to the PC2, which separated the
samples dried at 70 °C and 40 °C from the fresh hops. A positive cor-
relation was verified between linalool and citronellol and the samples
dried at 70 °C and 40 °C by their close location in the plot. Additionally,
the fresh hops were positively correlated with the myrcene and beta-
pipene.

Myrcene is a monoterpene and is one of the most important hop
compounds with notes of herbal and green aroma, signifying the
freshness of hops due to their high volatility (Durello et al., 2019;
Rettberg et al., 2018). From the results presented in Fig. 6b, the high
correlation of this compound with the fresh hop samples and the samples
dried at 70 °C and 40 °C can be seen. This indicates that the profile
aroma of hops dried either at lower or higher temperatures remains
nearer to the fresh aroma, despite the higher temperatures being
claimed to damage the aroma profile of hops (Biendl et al., 2014).
Similarly, linalool and citronellol are important indicators of hop quality
regarding aroma and hop aroma in beer due to their polarity and higher
solubility. In this study, the results demonstrate that the increase in the

drying temperature from 40 °C to 70 °C had a lower impact on those
compounds and the hop quality.

3.3. Effect of temperature and pressure on supercritical CO5 extraction

Before SFE, the hops were dried at 70 °C for 2 h and 30 min. This
condition was selected according to the results of the previous study,
which demonstrated that higher temperatures do not greatly impact the
hop quality to produce extracts. Those findings are in accordance with
the Rubottom et al. (2022) studies which demonstrated that drying
temperature had a low impaet on the main hop quality parameters.
Therefore, the increase in temperature might lead to a reduction in
energy consumption due to the considerably reduced process time
without greatly affecting the hop quality, especially the hop used to
produce extracts rich in bitter acids. Furthermore, shortening the drying
step by raising the temperature would benefit earlier stages of hop
processing, leading to daily productivity increases in the farms which
decrease the losses by over-maturation during harvest as well as
reducing energy consumption and greenhouse gas emissions.

Fig. 7 shows the extraction yield from Brazilian hops for two iso-
therms (40C and 60C) at four pressures (15, 20, 25, and 30 MPa). The
maximum yield (8.6 + 0.3 %) was achieved at 60 °C and 30 MPa (su-
percritical CO, density of 830.33 kg/m®). Whereas the lowest yield (7.0
+ 0.1 %) was acquired due to the low density of supercritical CO,
(605.60 l(g/n13} under 60 “°Cand 15 MP. According to ANOVA (95 % CI),
pressure (p-value < 0.001) and the interaction between pressure and
temperature (p-value < 0.008) significantly influenced the extraction
yield in the studied range.

Elevated pressure at a constant temperature increased the extraction
yield. Higher pressures increased the solvation power of COy, facilitating
the dissolution of the easily accessible extract at the swface of the
particles in the fluid phase. This phenomenon also increases CO, den-
sity, ranging from 781.3 to 910.5 kg/m3 for 40 °C and from 605.6 to
830.3 kg/m3 for 60 °C (Table 1) (De Franca et al, 1999). Fig. 7 also
indicates the crossover effect at a pressure of around 18 MPa which is
defined as the point where the vapor pressure of the extract compounds
is more pronounced than the effect of the solvent density over the
compound’s solubility (Brunner, 1994). This means that the effect of
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CO, density is more relevant at pressures below the crossover pressure.
On the other hand, the effect of the vapor pressure at determined tem-
peratures is more relevant for increasing the extraction yield when the
pressure is above the crossover pressure. This behavior is commonly
observed for extracts obtained from vegetable matrices like hops
(Mezzomo et al., 2010; Nathia-Neves et al., 2020; Salinas et al., 2020).

Table 1 provides the results of a-acids and p-acids in the extracts, the
a-/P-acids purity (g o-/p-acids per g of extract), and the yield of these
compounds (expressed as g a-/p-acids per g of raw material). ANOVA
(95 % CI) demonstrated that pressure and temperature do not influence
the purity and yield of o- and p-acids in the studied range. The ¢-acid
content in the extractsranged from 46 + 1 to 52 + 3 g/100 g of extiact,
and f-acid content in the extracts ranged from 34 +4to 48 +1g/100g

of extract. The purity for each compound obtained at 40 °C under
different pressures studied was not significantly different from each
other. Likewise, no difference was observed between these values and
those found for 60 “C at pressures of 15, 20, and 25 MPa. The lowest
purity, regarding a-acids, was observed under 60 °C and 30 MPa (46 + 1
g/100 g of extract), while the lowest purity in p-acids was observed
under 60 “C and 25 MPa (34 + 4 g/100 g of extract).

Recently, Veiga et al. (2021) investigated extraction using super-
critical CO, in hops grown in Brazil. This study used similar conditions,
with a higher extraction time (110 min). The authors obtained extrac-
tion yields of 6.2 % (20 MPa and 60 °C), 5.6 % (15 MPa and 40 °C), and
6.0 % (25 MPa and 40 °C). Considering conditions and extraction times
(40 min) close to this study, Zekovic et al. (2007) observed that the
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extraction yield of the ‘Magnum’ hop variety at 15 MPa, 40 °C, and 45
minwas 6.6 %. A reduced yield (1.5 %) was observed by Formato et al.
(2013) using supercritical CO; at 40 °C, 35 MPa, and 50 min. The results
of those previous studies differ from this study regarding the hops™ va-
riety employed in the supercritical CO, extraction, which varies widely
in composition (Barth & Meier, 2021). It influences the process and
consequently the extract constitution (Kupski et al., 2017).

The a-acid yield from the raw material ranged from 3.6 + 0.3 to 4.1
+ 0.2 g/100 g of raw material, and the p-acids content ranged from 2.8
+ 0.3 to 3.34 £ 0.01 g/100 g of raw material. The a- and p-acid yields
were not significantly different. According to the literature (Biendl et al,,
2014), the content of a-acids and p-acids in hop cultivars normally range
from 4 to 5 % and 2-5 %, respectively. Some varieties present high levels
of a- and p-acids (>>15 %) and are especially suited to produce hop ex-
tracts (Formato et al., 2013). The results obtained in this study show that
the Brazilian hop cultivar could be considered an appropriate source for
obtaining o-/p-acid-rich extracts, despite the Mantiqueira variety pre-
senting a low a-acid content. The o-acids are mainly responsible for the
bitterness of beer, and fi-acids act as an antimicrobial agent that assists in
preserving beer (Almaguer et al, 2014). p-acids are an essential
component in beer production and play an important biological role
(Arruda, Pinheiro, Silva, & Bemardes, 2022). This study’s findings
reveal the possibility of producing an extract from a Brazilian hop va-
riety, potentially benefiting the hop and brewing industry in the coun-
try. Furthermore, it explains how superaitical CO, extraction
parameters influence hop bitter acid obtention, thus enhancing the
process.

Table 1
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3.4. Extraction kinetics

Based on previous results, the kinetic behavior was evaluated at
40 °C and 20 MPa. As formerly discussed, the extraction performed at
40 °C and 20 MPa using an S/F of 20 allowed an extraction yield of 7.78
+0.05 %, o-acids yield of 4.0 4+ 0.2 g/100 g of Brazilian hop, and p-acids
yield of 2.9 + 0.3 g/100 g of Brazilian hop. Furthermore, lower tem-
perature and pressure facilitate equipment management and control as
well as demand reduce energy consumption. Fig. S presents the
extraction yield and the o-/p-acids yield kinetics as a function of
extraction time. The extraction curves showed the three distinet regions
usually found in the supercritical CO» extraction of natural products:
constant extraction rate, falling extraction rate, and diffusion-controlled
(Kupski et al,, 2017).

In the constant extraction rate period (straight line), the mechanism
of mass transfer is mainly controlled by convection. This phase occurs in
the extraction of the solutes more accessible to the solvent around the
supetficial layer of the particles. The falling extraction rate period
(asymptotic curve) is characterized by the transition period between
convection and diffusional extraction. In this period, the solutes on the
surface decrease, and the solutes inside the particle diffuse toward the
surface. Finally, in the diffusion-controlled period, the mass transfer
mechanism is controlled by the diffusion of the solutes inside the par-
ticle, decreasing the extraction rates.

From the results obtained, the higher extract and o-/p-acid yields
were obtained in the constant extraction rate (15 min) and falling
extraction rate (40 min) periods. The curves presented a diffusion-
controlled period after 40 min, indicating that maximum extraction
from Brazilian hops was achieved. This resulted in a 10.7 % of extraction
yield at 90 min with a solvent-to-feed ratio of 44.5. The extraction at the
end of the constant extraction rate reached 72 % (extraction yield of
7.70 £ 0.1 %) in comparison with the total yield obtained at 90 min, and
the extract comprised 3.5 + 0.2 g/100 g of raw material of a-acids and
2.9 4 0.2 g/100 g of raw material of p-acids. Posterior to the falling
extraction rate period, the extraction yield represented 90 % of the total
yield obtained at 90 min. The extract contained 4.1 + 0.2 g/100 g of raw
material and 3.2 + 0.2 g/100 g of raw material of a-acids and p-acids,
respectively. Thus, after 40 min of process 93 % and 97 % of the total a-
and p-acids were extracted compared with the total yield at 90 min.

Valle et al. (2003) reached an extraction yield of approximately 14
%, using a Chilean hop variety at 40 °C, 20 MPa for 240 min. The study
yielded 8 g/100 g of raw material and 3.5 g/100 g of raw material for
a-acids and p-acids, respectively. Furthermore, Zekovie et al. (2007)
obtained a yield of 7.54 % using the hop variety ‘Magnum’ after 150 min
of kinetic extraction at 30 MPa and 40 °C. [upski et al. (2017) extracted
6.0 % of hop extiact at 20 MPa, 35 °C, and 170 min. However, a lower
yield (<3 %) was obtained at 35 MPa and 50 “C at 250 min of extraction
(Formato et al, 2013). The extracts obtained by these authors

Results of a-/f-acid content and a-/f-acid yield from extracts obtained from Brazilian hops through supercritical CO, extraction at 5/F = 20, under different pressures

at 40C and 60C.

« -acids Ji -acids
Temperature (C)  Pressure CO, density” (kg/ Purity (g/100 g Yield (g/100 g raw material)  Purity (g/100 g Yield (g/100 g raw material)
(MPa) m3) extract) extract)
40.0 0.1 15+ 1 781.32 50.0 = 2.0 3.8 £0.2° 30.9 = 0.4 3.0+ 01
201 840.61 52.0 = 2.0 40 +02° 37.0 £ 5.0 2.9+0.3
25+ 1 880.15 50.0 = 1.0 41 +02° 39.4 £ 0.1 3101
30+ 1 910.47 51.0 = 1.0 41+02° 38.6 = 0.5 3.1+0.0
60.0 = 0.1 15= 1 605.60 52.0 = 3.0° 3.6 +0.3° 48.0 = 1.0° 3.3+ 00
20+ 1 724.63 49.3 = 0.1%° 39+01% 30.0 = 1.0° 3.1+0.2
25+ 1 787.28 49.0 = 1.0%° 41+01° 340 = 4° 2.8+0.3
0+1 830.33 46.0 = 1.0" 40+00° 35.0 = 1.0° 3.0+ 0.0

Results are presented as mean + standard deviation (n = 3); and different superscript letters in the same column indicate significant differences at p < 0.05 (the
absence of superscript letters means that the results did not show any statistical difference).
' CO, density data extracted from Nist (https://webbook.nist.gov/chemistry/ fluid/).
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represented 25.6 + 0.3 % of a-acids.

This study’s findings indicate that there would be no reason to
extend extraction times up to the end (90 min), based on the drastic
increase in solvent cost and process time without significantly increasing
extraction and target compound yields. Therefore, it is suggested that
the extraction for Brazilian hops could be stopped at 40 min of extrae-
tion (S/F = 19.6), as starting a new batch would be more advantageous
than continuing with the same extraction. These results are consistent
with those reported in the literature, which is preferable to extract
during the constant extraction rate period rather than extending over the
falling extraction rate period (Culik et al., 2009). Furthermore, in
comparison with previous research, this study reached high extraction
yields of hop bitter acids in a shorter extraction time. Shortening the
extraction process might lead to an economical and sustainable process
by reducing unnecessary solvent as well as energy consumption.

Nevertheless, this study used only the Mantiqueira variety, for this
reason, a further study utilizing other varieties is required to establish
those extraction conditions due to the influence of the hop composition
in the process (Formato et al., 2013).
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4. Conclusion

This study presents an in-depth understanding of the influence of
drying on hop quality as well as supercritical fluid extraction parameters
optimization to reach high bitter acids yields. A significant finding to
emerge from this study was the maintenance of hop bitter acids during
drying despite temperature increases. This implies that higherair-drying
temperatures might be a key to shortening this step, redueing loss in hop
farms due to hop cone over-maturation and energy saving. Furthermore,
rich bitter-acid extracts were obtained through supercritical CO,
extraction at 40 °C and 20 MPa with a reduced time of 40 min. This
optimization of hop processing demonstrates the suitability of produc-
ing hop extract from a Brazilian variety by a more sustainable process.
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Machine Learning Approach to Enhancing
Drying Efficiency of Hop (Humulus lupulus L.)

Beer is the most produced alcoholic beverage in the world with a production of 1.82 billion hectoliters in 2020,
in which hops remain one of the most important raw materials. Hops drying stands as a key step to reduce
the moisture right after the harvest, avoiding deterioration. Drying remains an issue due 1o a lack of process
control, high energy demand, and consequently greenhouse gas emissions. This study intends to probe

into the viability of computational modeling for time prediction to optimize the drying step of processing.

For that, KNN, ANN, and Random Forest algorithms were compared with conventional empirical models
according to statistical error and accuracy. From the outcomes, it was constructed a model with high accuracy
R2 > 0.999 using the KNN and Random Forest algorithms. It demonstrates higher accuracy in comparison

with conventional mathematical models as well as a simple and more rapid time prediction. The new tool
developed and tested in this study enables the reduction of drying time by a model using wider process
variables. Consequently, the product quality is enhanced, and the drying footprint might be reduced by more

effective energy usage.

Descriptors: Kilning, machine learning, modeling prediction, artificial neural network

1 Introduction

Beer is the most produced alcoholic beverage in the world, with
a production of 1.82 billion hectoliters in 2020 [1]. The main raw
materials are barley malt, yeast, water, and hops [2]. Hop is an
important ingredient in beer, adding flavor through its unique bitter
compounds and essential cils [3]. New hopping techniques, such
as dry hopping, and an increase in hoppy beer consumption have
led to hop production growth in the past decades, reaching 62,366
ha of hop cultivation in 2020 [4]. Furthermore, higher demand
for the addition of hops widely impacts the environment due to
greenhouse gas emissions during its cultivation and processing.
Hop production is responsible for emitting 3.5 to 5.5 kg of CO, per
kilogramof hops, as a sum ofthe footprint of agricultural machinery,
pesticides, fertilizers, and drying [5].

The moisture of fresh cones is reduced by drying on the farm right
after picking [6]. However, hop drying requires massive energy
consumption, impacting greatly on hop processing footprint. This
step is crucial to enhance quality during storage, avoiding mold
potential, which can lead to microbiological deterioration [5, 7].
Reducing the drying time might be one key to CO, mitigation in

https://doi.org/10.23763/BrSc23-02pinto
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hop production. Furthermore, an optimized drying process leads
to product quality enhancement by avoiding over-maturation of
hop cones.

The food drying process involves a complex matrix with physico-
chemical transformation and structural changes [8]. Therefore, the
drying process optimization is rarely obtained by empirical math-
ematical models. Several empirical models have been developed
in the past decades to predict drying process variables, such as
temperature, drying rate, and moisture rate. However, those models
are limited regarding time prediction [9-13]. Machine learning ap-
plication offers several advantages when compared with empirical
modeling technigues due to their ability to adjust non-linear func-
tions, learning suitability, and flexibility to numerous systems [14].
Among those, Artificial Neural Networks (ANN), Random Forest,
and K-Nearest Neighbor (KNN) have been widely used in food
research to optimize food processing, such as fruit drying, detect
fraud in food matrices, and control food product quality [15-19].

To date, no studies have been found using the machine learning
approach to predict drying time, despite this method being already
explored in moisture content prediction [18, 19, 21, 40]. Therefore,
this studybenefits from the advantages of usingcomputational tools
asanalternative to empirical mathematicalmodels. Considering the
challenge of hop farms in controlling the drying process, this study
aims to propose anovel method to predict the drying time of hops by
using machine learning technigues to build a more accurate model
including a wider range of drying parameters. Those models were
developedusing drying absolutetemperature, wet-bulbtemperature
(air temperature measured by a thermometer bulb surrounded by
a wet cloth), dry-bulb temperature (air temperature measured by
a thermometer bulb), and moisture. They offer an alternative tool
for process optimization and control, leading to energy efficiency
improvements and, consequently, reduction of greenhouse gas
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Fig.1  Machine learning dataset composition

emissions. In addition, more precise drying time control reduces
post-harvest waste on the farms due to the faster process.

2 Materials and Methods

This study compares the five classic empirical models used in
the drying process with the three most common machine learning
algorithms trained and tested with the same experimental dataset.
The dataset was randomly split into training (70 %) and testing
groups (30 %). It was composed of the 5 numeric attributes (in-
cluding time as a class) and 3818 instances (Fig. 1). The empirical
and machine learning models were compared according to the R2
and Root Mean Square Error (RMSE). The detailed methodology
for data collection, drying experiment, and the machine learning
models’ parameters are in the following sections.

21 Drying experiment
To collect the experimental data on the drying process for the
models’ construction, Brazilian hops (Humulus lupulus L.) variety

‘Mantiqueira’ was used in the present study. All cones were dried
in triplicate at 70, 55, and 40 °C with an air velocity of 6.6 m/s

[
420 [Basket 1]
|
> iy
D E‘i&fﬂ_ |H\nalnri
| ‘I |

' 4

Fig.2 Diagram of drying experiment with data collection

and volumetric airflow of 0.013 m¥s. The air temperatures were
measured using fixed-type T thermocouples (Ecklund-Harrison,
USA) installed inside and outside of the drier. All thermocouples
were connected to a data logger (Almemo 2890-9, Ahlborn,
Germany), and data were analyzed using a Microsoft Excel®
spreadsheet. As shown in figure 2, the trials were carried out in
three perforated (mesh 14, wires 30 mm) 314 stainless steel 30 x
20 x 10 cm baskets placed in model MAO35 oven drier (Marconi,
Piracicaba, Brazil). Each batch was performed with three baskets
containing 100 g of hops each. The hop’s weight was measured
during the drying process by one of the baskets linked to aweight
balance connected to a PC, acquiring the data every minute by
self-developed software. The moisture content was analyzed
following the Hops-4 ASBC (American Society of Brewing and
Chemists) [20] method adapted using 1 g of sample dried in an
oven drier for 2 hours at 105 °C.

The moisture rate (MR) is adimensionless value that was calculated
according to equation 1.
X—Xeq

MR = g =

(Ea. 1)
Where, X, X_ and X, correspond to average moisture content
at weighting time (g/g, ,..). average equilibrium moisture content
(g/gsmm), andaverage initial moisture content (g/g_...). respectively
[22]. The equilibrium moisture content was determined by drying
a hops batch until a constant weight was achieved, which is char-
acterized as in equilibrium.

2.2 EffectiveMoisture Diffusivity and Activation Energy
Determination

The effective moisture diffusivity was calculated by Fick's law, as-
suming diffusion as the principal mechanism of water transfer [23].

Mt .
—=V.(Der VM
ot v ( eIIV l) (Eq. 2)
The equation 3 solution arises with the assumption of uniform
initial moisture distribution, constant diffusion, and a spherical
shape during drying:
Mt—Me
Mb—Me

MR =

6 1 > o Deff.t
= 1-[_2 E§=1 ﬁ' exp (' n m ?‘32 )
(Eg. 3)
where n is the polynomial coefficient, tis the drying time (s), r,isthe
sampleradius (m), and D_,is the effective moisture diffusivity (m?/s).

For the extended drying process, Equation 3 could be simplified
to the first term, resulting in equation 4.
6 5 Deff.t
MR = (=) exp (- m& —=—
@ep(m =)
Equation 5 represents the linear relation of equation 4 after loga-

rithmic transformation.
6 Deff.w?. t
In(MR)=In (=) - (- ———
MR)=In ()~ - =H5==)

The diffusivity coefficient (K,) was obtained from the In (MR) x time
plotted chart, resulting in equation 6.
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Ky = ()
Te (Eg. 6)
The activation energy was calculated based onthe Arrhenius equa-

tion from the relationship between effective moisture diffusivity and
the average temperature.

Eq
Rg. T4

Desr= Dg exp ( )

(Eq.7)
where T_is the absolute air temperature (K), Flg is the gas con-
stant (8,3143 kJ/mol), D, is the pre-exponential factor, and E_ is
the activation energy (kJ/mol). The linear relation of equation 7
results in equation 8.

In (Derr) = ( EaT ) +1n (Dy)

Rg.

(Eq. 8)

The activation energy coefficient (K2) was obtained from the slope
of In (D) = 1 plotted chart, resulting in equation 9.

Ta K, = Eq
Ry (Eq. 9)
2.3 Empirical mathematical modeling

Five of the most used mathematical models for drying were selected
to compare with the model built by machine learning (Table 1).
Those models contain the moisture rate as a function of time and
the constants are calculated by fitting the experimental data.

2.4 Machine Learning Methods

Three models of machine learning were tested and comparedto the
mathematical ones: Artificial Neural Network, Random Forest, and
K-Nearest Neighborhood. Here, is proposed their usage to predict
the drying time of hops. These algorithms were selected due to
their efficiency and malleability in prediction, being widely used for
decades in health research for disease development prediction,
demonstrating the suitability of the machine learning tools [24-29].

The machine learning models were built as the input attributes of
the absolute temperature (°C), wet-bulbtemperature (°C), dry-bulb
temperature (°C), moisture content (g,.../9. .} and drying time
(s) as a class. The model was constructed with 3819 instances
through cross-validation with 10 folds.

Artificial Neural Network: This model was built using the clas-
sifier Multilayer Perceptron at Weka® (version 3.9.4, Hamilton,
New Zealand) which uses backpropagation to teach a multi-layer
perceptron to classify instances. It is named weka.classifiers.

Table 1 Empirical Mathematical Drying Model

Model Name |Equation References
Newton MR = exp (-kt) [9]
Page MR = exp (-ki) [10]
Logarithmic MR = aexp (-kf) + ¢ [11]
Two terms MR = aexp (-kt) + bexp (-kt) [12]
Hend

ngiseﬁggﬂid MR = a exp (-ki) + b exp (-gt) +c exp (-ht) [13]

functions.MultilayerPerceptron. The dataset was trained and
tested through Cross-validation with 10 folds. Since the class is
numeric, the output nodes have non-thresholded linear units. The
network parameters were modified to achieve higher model fitting.
The algorithm was set to normalize the attributes and the numeric
class to improve network performance. The momentum applied
to the weight updates was 0.2, the number of decimal places
used for the output of numbers in the model was 2, the learning
rate for weight updates was 0.3, and the batch size, which is the
preferred number of instances to process if the batch prediction
is being performed, was 100 instances. The number of seeds was
optimized to achieve higher network performance. This model
used 4 seeds to initialize the random number generator. The hid-
den layers of the neural network were set as 't which means the
number of attributes + classes.

Random Forest: The model was built using the classifier Random
Forest at Weka® (version 3.9.4, Hamilton, New Zealand) which is a
special case of boosting meta classifier constructed by a forest of
random trees [30]. It is named weka.classifiers.trees.RandomFor-
est. The dataset was trained and tested through Cross-validation
with 10 folds. The trees parameters were the default of Weka with
the random number seed used as 1, the number of execution slots
(threads) to use for constructing the ensemble as 1, the size of
each bag as 100, and the number of decimal places to be used
for the output of numbers in the model as two, the batch size set
as 100, the number of trees in the random forest as 100, and the
tree depth set as unlimited.

K-Nearest Neighbor: The model was built using the K-nearest
neighbors classifier at Weka® (version 3.9.4, Hamilton, New Zea-
land) which is named weka.classifiers.lazy.IBk [31]. The dataset
was trained and tested through Cross-validation with 10 folds. The
K value selection was based on cross-validation, using the meta
classifier Cross-validation Parameter selection (weka.classifiers.
meta.CVParameterSelection) [32]. The classifier parameters were
used by the software default with one random seed, 10 folds used
forcross-validation, two decimal places to be used for the output of
numbers inthe model, batch size of 100instances, and the scheme
parameters set to cross-validation"K 1 10 10". The regression with
the KNN classifier was performed using the 2 nearest neighbors,
as selected by cross-validation, Euclidean distance, batch size
of 100 instances, the output of numbers in the model set as two
decimal places, and window size set as 0, which means there was
no limit to the number of training instances.

3  Bitter acid analyses
3.1 Sample preparation

Samples of fresh and dried cones were lyophilized for 24 hours to
eliminate residual water and milled using liquid nitrogen to avoid
oxidation reactions. The analysis was carried out in triplicate for
each sample. For bitter acid extraction, 20 mL methanol was added
to 250 mg of hop powder (acidified with 0.01 % formic acid) in a
falcon tube and agitated for 1 hour. The samples were centrifuged
(Laborline, Barueri, Brazil) for 5 min at 700 xg and an aliquot of
5 mL of supernatant was withdrawn and transferred to an amber
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glass tube. The samples were filtered using a 0.45 um cellulose
filter supplied by Sinergia Cientifica (Campinas, Brazil) and fol-
lowed by HPLC (High-Pressure Liguid Chromatography) analysis.

3.2 HPLC analysis

The a- and B-acid contents were determined by HPLC (Waters
Corporation, Milford, USA), according to the method adapted from
Keukeleire et al. (2003) and Hops-14 ASBC (American Society of
Brewing and Chemists, 2008). The column used for compound
separation was a C-18 column (SunFire, 250 x 4.6 mm, 5 pm;
Water Corporation, Milford, USA). Chromatographic conditions
consisted of anisocraticgradient composed of 15% eluent A(milli-Q
water acidified with 1.47 % (v/v) phosphoric acid 85 %) and 85 %
of eluent B (HPLC-grade methanol). The injection volume was 10
pL using a Waters 717 plus autosampler. The flow rate was 1 mL/
min, the run time was 50 min, and the column temperature was
25 °C. The detection was at 314 nm for a- and B-acids and 370 nm
for xanthohumol using the Waters 996 photodiode array detector.
The retention time comparison with an external standard (ICE-4

a) at

Xanthohumol (%)

Colupulone (%)

b*

N+Adhumulone (%)

Total Alpha-Acids (%)

N+Adiupulone (%)

Cohumulane (%)

Total Beta-Acids (%)

L

Total Essential Cil (mL/100g)
-2 -1 0 1

Difference [70°C-Fresh Hops(%))

a
Total Beta-Acids (%)
Xanthohumol (%)
b
Colupulone (%)
N+Adhumulone (%)
Total Alpha-Acids (%)
Cohumulone (%)
N+Adlupulone (%)
L
Total Essential Qil (mL/100g)

-10 05 00 05 10
Difference [40°C-Fresh Hops(%))]

Fig. 3

and xanthohumol 60 % Standard), also applied for quantification
of a-, B-acids, and xanthohumol determined the identification of
the peaks.

3.3 Surface Color Measurement

The surface color of samples was determined by a portable color-
imeter MiniScan XE (Hunter Associates Laboratory, Inc., Reston,
Virginia, USA), with enlightening D65 and an observation angle of
10°. The CIE Lab color parameters, i.e., L* (whiteness or bright-
ness), a* (redness or greenness), and b* (yellownessor blueness)
coordinates, were used to describe the color of samples. Color
measurements were taken in triplicate.

3.4 Total Essential Oil Content

Total il content was determined using hydro-distillation, following
the methodology described by ASBC (American Society of Brewing
and Chemists, 2011b). 100g offresh and dried hops were submitted
separately to hydro-distillation for 4 h using a Clevenger apparatus.

b) a

Kanthchumal (%)
Colupulone (%)

b*

Tetal Beta-Acids (%)
N+Adhumulone (%)
Total Alpha-Acids (%)
MN+Adlupulone (%)
Cohumulone (%)

L

Total Essential Qil (mL/100g)

<10 05 00 05 10
Difference [55°C-Fresh Hops(%)]

Overall influence of drying temperature on the main hop quality parameters: a) Difference between fresh hop and dried at 70°C*; b)

Difference between fresh hop and dried at 55°C*; c) Difference between fresh hop and dried at 40°C*; d) Correlogram constructed
from Pearson’s correlation™ (* L*, a*, and b* corresponding to color CIELAB parameters: L* value indicates lightness, a” and b*
are chromaticity coordinates; **Detailed data is available in Supplementary Material (Table S2))
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The volume of oil was observed in the receiver.
3.5 Statistical analysis

The temperature (40, 55, and 70 °C) effects on hop chemical
analytes were evaluated by a percentual difference calculated be-
tween fresh and dried hops and presented ina bar plot constructed
using RStudio (Package: ggplot). Pearson’s correlation between
the results was performed in RStudio (Package: Heatmaply). The
drying curves modeling by the empirical models was performed
by non-linear regression analysis using Origin software (version
OriginPro 2020b). The experimental data were fitted with the em-
pirical mathematical models, obtaining R2 and root mean square
error (RMSE) values which were used to evaluate the model’s fit
to the dataset.

4 Results and Discussion

4.1 Effect of drying process on hop quality

Thedrying process substantially affects food matrices due to higher
temperature or processing time applications. Figure 3 shows the
overall modification of hop quality during drying ateach temperature.
The results of the main hop quality parameters were evaluated as
apercentual differencein the values betweenthe applied tempera-
ture and fresh hops (Fig. a-c) and Pearson’s correlation through
a correlogram (Fig. d). A percentual difference between the trials
was chosen to facilitate the comprehension of the dataset which
comprises several compounds and color parameters. Hop color
modified greatlyin the temperature range with thediscoloration more
prominent at 70 and 40 °C. The parameter a* is the chromaticity
coordinate of the CIELAB color space diagram (Supplementary
Material, Fig. S2) that ranges from green (- a) to red (+ a) [33].
a* values increased in all temperatures, representing the green
color degradation from fresh green towards green-brown due to
the chlorophyll degradation by heat and
oxidation[34]. Interestingly, thedifference
was higher in the lower temperatures
(Supplementary File, Table S4) which

S3). Figure 3 a-c demonstrates that the

difference in the total essential oil content between the fresh and
dried hops. This study’s finding demonstrates that the processing
time has a lower influence on essential oil maintenance in com-
parison with the temperature. The essential oil components are
heat-labile substances, and the higher temperature increases the
heat transfer from the surrounding air to the compounds, achiev-
ing faster activation energy to volatile [35]. Rybka et al. [36, 37]
demonstrated the greater effect of drying temperature on the hop
essential oil preservation as well as hop quality. In their study, a
Saaz variety dried at 40 °C lost 13.6 % of total essential oil content
in comparison with 47.0 % when hop was dried at 60 “C. However,
Rubottom et al. [38] showed that drying temperature impact is va-
riety- and crop-dependent with lower effect on hop oil composition
and sensory evaluation.

As demonstrated in the barchart in figure 3 a-¢, the drying process
had no effect on the hop bitter acids and xanthohumol content.
The difference in those compounds’ content between the fresh
hops and the dried ones was proximal to zero in all temperatures,
highlighting the thermostability of those compounds. This finding
is in concordance with Sfurm et al. [39] results which confirmed
the thermostability of a- and B-acids during the drying regardless
of the bulk weight.

Figure 3d presents the correlation betweenthose chemical analytes
measured. Interestingly, total essential oil content represented a
high correlation with the color parameters which can be certainly
explained by the degradation of color alongside the essential oil
content decrease during drying. Hop color is a relevant quality
attribute for product acceptance by the consumer and it is also
an indicator of the overall product quality. In that sense, Sturm
et al. [40] developed an in-process predictive model for moisture
content and color with the aid of non-invasive optical sensors. This
highlights the feasibility of hop quality enhancement through the
usage of modern tools as well as process optimization.

M

1
l
evidences the great effect of prolonged + - !
drying time on green color degradation. e !
Therefore, controlling the termination T !
period of drying could reduce the color !
degradation in hops and, consequently, — G5 : SEm— .
enhance the product quality. Page ’ ! ANN —— R 03649
~——> RMSE 0.0578 1 ——= RMSE 294501
Hop total essential oil became one of i
the main requirements for good quality T - ! .R:ﬂﬁdm - R 0991
duetothe highdemandfor hoppy aroma Logarithmic ! | Forest | — > RMse 7.1376
in beer. However, the total essential oil ~—= RMSE 02010 ! A
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ing process, decreasingby 65.8 % when —% Rt 09992 ' | == RMSE 69872
driedat 70 °C (Supplementary File, Table Page '
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Fig. 4

total essential oil content decreases
considerably with the temperature in-
crease. Despite extended time at 40 °C,
this condition represented the lowest

R? and RMSE values for the best mathematical model fit in each drying temperaturea
(left) and the machine learning models (right); °The R? and RMSE values for all math-
ematical models are found in Table S1 (Supplementary Material)
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4.2 ComparisonofConventional Mathematical Models
and Machine Learning Models

Infigure 4,itcan be seenthatthe Page model sufficiently described
the moisture ratio prediction for the temperatures of 40 and 70 °C,
with higher R2 values (> 0.999) and lower RMSE values (< 0.06).
While for the temperature of 55 °C the logarithmic model fitted
greatly the experimental data, duetothe highervalues of R2 (>0.999)
and lower RMSE values (<0.03). The findings of the current study
are consistent with those of Demir et al. [41] study which found
suitability in Page’s model for predicting the moisture rate in bay
leaves drying kinetics. Furthermore, Darvish et al. [42] dill leaf
drying study demonstrated that the logarithmic model offered the
best fit to the experimental data in drying kinetics.

The prediction of drying time presented higher accuracy of the
KNN and Random Forest model with a higher R2 value (>0.999)
and lower RMSE (< 7.5) in comparison with the ANN model (R2 <
0.999) (Fig. 4). As expected, the Random Forest algorithm fitted
the experimental data sufficiently due to its capacity to build aran-
domized decision tree in each iteration of the bagging algorithm,
producing excellent predictors [14]. The KNN algorithm is described
in the literature as a lazy classifier and is usually slower than
Random Forest and Multilayer Perceptron algorithms. However,
in this study, the KNN algorithm completed the model in less than
1 second, whereas the Random Forest and ANN algorithms took
1.82 and 3.59 seconds, respectively. Therefore, for this dataset,
the KNN algorithm demonstrated reasonable performance regard-
ing computational execution and reduced error rates. The best fit
occurred with the Random Forest and KNN models due to the
reduced error rate and fewer data dissipation (Fig. 5). Pearson’s
correlation of these models is 0.9991 and 0.9992 with R values
of 0.9982 and 0.9983, respectively. On the other hand, Pearson’s
correlation for the ANN model stands out at 0.9829 with an R2
value of 0.9658, demonstrating the model’s reduced ability for
data fitting and prediction.

Although Page’s model at 70 °C and the logarithmic model at
55 °C achieved similar correlation coefficient values to the KNN
model, their time prediction demonstrates limited regarding the
process parameters used. The empirical mathematical modeling
predicts the moisture ratio instead of drying time. The drying time
calculation adds complexity to the time prediction through both
the Page’s and logarithmic models [23]. In this case, would be
necessary tointegrate several assumptions which could reduce the
prediction accuracy as well as adding needless effort. Therefore,
the machine learning model is suitable for non-linear datasets
and facilitates the construction of a complex model using more
attributes. Furthermore, this study used open-source software, to
facilitate the user's comprehension, which could be implemented
in the computers on the farm. Once the model is constructed, an
output (drying time) is generated by the addition of new inputs.
However, further investigation must be performed to validate this
model to other datasets, since the results obtained in this study
are specifically for the dataset used.

4.3 Implications of using machine learning to predict
the drying time of hops

~
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cross-validation folds: a) ANN model; b) Random Forest
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Fig.5

As shown in figure 6, the effective moisture diffusivity coefficient
(D, ) has a clear correlation with the air temperature, increasing
3-folds when the temperature shifts from 40 to 70 “C. Generally,
thevalues for agricultural or food products are placed between 102
and 102 [43]. A study by Khaled et al. [44] found similar results for
thepersimmon fruitD_, ranging from 1.3 x 10°t0 9.2 x 10°. There-

eff?
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35 T T T hop farm. The machine learning model presented in that study
= could be improved by the addition of further weather conditions
E 3.0 Y and process parameters, such as environmental moisture, inner
% i = product temperature, and air velocity. Furthermore, a scale-up
x 254 study is recommended to validate the machine learning model for

_;:: real setup conditions.
?‘5: - The machine learning modeling as developed in that study permits
@154 3.04 drying time reduction due to sharp control using additional process
= ] variables, enhancing the product quality. Diminished drying time
L 164 203 enables producers to increase daily production, resulting in lower
o cone mold deterioration after harvesting due to reduced storage
§ 054 101 i time at a higher moisture content [6]. Drying process optimization
& by machine learning produces high-quality hops with minimal
0.0 . : : . energy expenditure, reducing over-drying. The drying step leads
40 50 60 70 to a higher carbon footprint in the hops processing [50]; therefore,
Temperature (°C) avoiding energy expenses is paramount to reducing greenhouse

gas emissions as well as minimizing costs.
Fig.6  Effectof airtemperature ontheeffective moisturediffusion

coefficient

fore, the values found for the hop cones are within the expected.
Diffusivity is defined as the moisture transport phenomenon infood
and is described by Fick’s law [23, 45]. Elevated air temperatures
lead to higher heat transfer to inner water which flows rapidly to
the surface [23]. The D_; increases at a higher temperature due
to the water molecule's diffusional movement over a shorter time.
However, high temperatures and increased D, lead to profound
texture changes during the process. In hops, the bracts contain
lower moisture content whereas string has higher moisture and
is placed inner the cones, coming into less contact with the sur-
rounding air [46]. During drying, bracts dry more rapidly than the
string and, consequently, culminate in different final moisture [47].
By extending the exposure time, hop cones undergo over-drying
that causes shatter due to the glass transition, especially in the
bracts, to a vitreous state [48]. In that case, hop cones tend to
lose more lupulin gland along with the main hop compounds,
devaluating the product.

The activation energy was obtained by the Arrhenius-type equa-
tion. The value for hops was found to be 30.784 kd/mol, within
the expected range of activation energy. For agricultural and food
products, an amount of activation energy between 12.7 and 110
kd/mol is expected [43]. Activation energy is the minimum amount
necessary to initiate water flow from the productto the surface and
it is directly correlated to diffusivity [49].

Machine learning has been widely used for prediction in the past
decades, allowing elevated accuracy along with reduced efforts.
During the drying process, time and temperature are the main
parameters that influence efficiency and energy expenditure.
Nevertheless, climate conditions demonstrate a large effect on
the drying performance due to water diffusivity to the outer air as
well as the moisture transfer rate from inside the product to the
surrounding air, represented by D_,. Therefore, the machine learn-
ing models were built using not only the common parameters as
attributes (temperature, and moisture rate) but also the environ-
mental measurements (dry- and wet-bulb temperature) in order
to provide more accurate results for process improvement at the

5 Conclusion

For the first time, this study proposed using machine learning as a
modeling tool for predicting the drying time of hops, which might be
a keytoimproving the process in amore sustainable and economi-
cal direction. The performance of machine learning and empirical
models was similar; however, the KNN model was able to describe
a wider range of experimental data, whereas the application of
empirical models is limited to fewer attributes. Machine learning
has the advantage of considering notonly the common parameters
(temperature, and moisture rate) but also environmental measure-
ments (dry- and wet-bulb temperature) which greatly affects hop
drying performance. However, there is still room to improve the
methodology proposed here, by extensive research using further
weather conditions and process parameters that were not consid-
ered in this study, as well as exploring the process scale-up with
other hop varieties and validation with other datasets.
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Table S1  Correlation coefficient and Root Mean Squared Error values to the fitted model

Absolute Temperature | Model R2 RMSE
Newton 0.9867 0.6078

Page 0.9987 0.0578

40 °C Logarithmic 0.9979 0.0927

Two terms 0.9919 0.3685

Henderson e Pabis modified 0.9918 0.3685

Newton 0.9837 0.3701

Page 0.9989 0.0230

855°C Logarithmic 0.9991 0.0210

Two terms 0.9914 0.1949

Henderson e Pabis modified 0.9914 0.1949

Newton 0.9877 0.1910

Page 0.9992 0.0119

70 °C Logarithmic 0.9975 0.0383

Two terms 0.9942 0.0901

Henderson e Pabis modified 0.9942 0.0901

e

Fig. S1 The system used for the drying trials

Fig. S2

/ Yellow
=
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CIE L* a* b* color space diagram (Ly et al., 2020)"
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Table S2  Correlogram's dataset calculated with Pearson's correlation

Person's correlation calculated with hop quality dataset

a* —-0.17 | -099 | —092 | —-035 -0.26 —0.05 0.04 0.55 0.77 0.90 1.00
b* —-058 | —093 | —0.83 0.02 0.13 0.37 0.46 0.86 0.85 1.00 -
Xanthohumol -0.69 | -081 | -0.80 0.05 0.18 0.45 0.55 0.93 1.00 - -
Colupulone -090 | -0861 | —-0.53 0.41 0.52 0.74 0.81 1.00 - - -
N+Adhumulone -0.98 | -0.12 0.05 0.85 0.91 0.99 1.00 - - - -
Total Alpha-Acids -0.95 | -0.03 017 0.91 0.96 1.00 - - - - -
N+Adlupulone -0.82 0.18 042 0.99 1.00 - - - - - -
Cohumulone -0.74 0.27 0.53 1.00 - - - - - - -
Total Essential Qil 0.12 0.90 1.00 - - - - - - -
L* 0.26 1.00 - - - - - - - - -
Total Betal-Acids 1.00 - - - - - - - - - -
ggizl— & T:&te?wlti[i?_ Cohu- N+Adlupulone A‘II-;haalt— N+Adhumulone Colupy- | Xantho- b* a*
Acids Oil mulone Acids lone humol

*The parameters L*, a* and b* corresponding to color CIELAB parameters: L* value indicates lightness, a* and b* are chromaticity coordinates

Table S3  Average of hop composition and color parameters of fresh and dried hops

Xantho- .
Treatment Color Bitter Acids humol Es sgptlal
a il
(%)
Total Total Total Es-
L a b* | Alpha- nfﬁ'&‘ée N+Adhumulone | Beta- C‘I’A‘:";“' N+Adlupulone sential Ol
Acids Acids (mL/100 g)
Fresh Hops | 63,41 -1,05 34,47 3,36 0,79 2n7 2,67 1,37 1,30 0,26 1,52
40°C 57,26 3,39 35,34 3,12 0,72 2,40 283 1,34 1,18 0,27 0,79
55°C 57,49 3,02 35,88 3,26 0,73 2,52 2,66 1,45 1,22 0,3 0,66
70°C 54,77 4,53 36,72 3,46 0,79 2,67 252 1,51 1,32 0,31 0,52

Table S4 Hop quality evaluation by the difference between fresh and dried hops

Difference | Difference | Difference | Difference | Difference | Difference
Fresh & = 5 (40°C - (40°C - (55°C - (55°C - (70°C - (70°C -
. Hops 40°C 55°C 70°C Fresh Fresh Fresh Fresh Fresh Fresh
Hops) Hops) % Hops) Hops) % Hops) Hops) %
Color L% 63,41 57,26 57,49 54,77 -6,15 -0,11 -592 -0,10 — 8,64 -0,16
a* -1,05 | 339 3,02 4,53 4.44 1,31 407 1,35 5,58 1,23
b* 3447 35,34 35,88 36,72 0,87 0,02 1,41 0,04 2,25 0,06
Bt ol Fipes 3,36 3,12 326 3,46 -0,23 -0,07 -0,10 -0,03 0,10 0,03
Acids Acids ’ ’ ’ ’ ’ ’ ’
Cohumulone 0,79 0,72 0,73 0,79 -0,07 -0,10 —-0,06 -0,08 0,00 0,00
N+Adhumulone 2,57 2,40 252 2,67 -0.17 -0,07 -0,05 -0,02 0,10 0,04
Total Beta- | 267 | 283 | 266 | 252 | o016 006 | -001 000 | -015 | -006
cids
Colupulone 1,37 1,34 1,45 1,51 -0,03 —0,02 0,08 0,05 0,15 0,10
N+Adlupulone 1,30 1,18 1,22 1,32 -0,12 -0,10 —-0,09 - 0,07 0,01 0,01
Xa“"(‘gsum‘" 0,26 0,27 0,30 0,31 0,01 0,04 0,04 0,13 0,05 0,16
Essential | Total Essential
oil Oil (mL/100g) 0,79 0,66 0,52 -0,73 -0,92 —-0,86 -1,30 —-1,00 —-1,92

“Difference calculated from the values at 70 “C-FH, 55 "C-FH, and 40 "C-FH
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ABSTRACT: Hop bitter acids are used in the brewing industry to give beer bitterness. However, much of this bitterness is lost
during processing, specifically during the wort boiling step. One of the major causes might be the interaction with protein—protein
complexes. Therefore, the aim of this study was to clarify the role of hop bitter acids in protein aggregate formation using a
proteomic approach. The effect of hop addition on protein composition was analyzed by liquid chromatography—mass
spectrometry/MS (LC-MS/MS), and further analyses were performed to characterize the wort before and after boiling. Addition of
hop bitter acids yielded a change in wort protein profiles, and hop bitter acids were found to bind primarily to less abundant proteins
which are not related to beer quality traits, such as foam or haze. Wort protein aggregate profiles were revealed, and findings from
this study suggested the precipitation of particular proteins in the aggregates during boiling when hops were added.

KEYWORDS: Humulus lupulus L, proteomics, isohumulones, humulones, protein

H INTRODUCTION acids content is depleted by the proteins originating from the
barley malt. The role of iso-a-acids in beer foam stability due to
interaction with foam active proteins has been reported by
several researchers.'* ™' They are the most ahundant proteins
in the wort as well as the haze-active proteins.'> However,
there is still a lack of knowledge about minor proteins, such as
enzymes and barley defense protein, and hop bitter acid
interaction.

It is well established that wort protein plays an important
role in foam stabilization and quality due to the formation of a
viscoelastic layer with a linkage compnsmg a continuous liquid
phase and discontinuous gas phase.'® Hydrophobic proteins
are mainly responsible for stabilizing the foam layer, esp ecxally
those known as hpld transfer proteins (LTP) and protein Z."
Recently, Lu et al.'” studies showed the influence of protein Z
and LTP1 in the surface layer and the properties depend upon
iso-a-acids and protein interactions.” They observed a
formation of spherical aggregates of iso-c-acids and proteins,
which suggests a strong bond between these compounds,
preferentially with protein 2."" These protein fractions were
also found to comprise the major fraction of proteins
precipitated into wort trub during the bmhng step due to
binding with protein-derived polypeptides."> However, much
of the research up to now has been focusing on the interaction
of protein—hop bitter compounds in the foam and little
attention has been paid to the equally important role of hop
bitter compounds in protein precipitation during the boiling

Beer is an ancient beverage produced typically with barley
malt, hops, yeast, and water. The brewing process begins with
mashing, filtration, and wort boiling, producing a syrup (wort)
rich in sugar and other compounds. The wort is fermented to
convert sugar into ethanol and byproducts, which characterize
the beer. The process generates a vast amount of waste. For
instance, during wort boiling, there is a precipitation of
compounds, like proteins, iso-a-acids, and polyphenols, which
are removed from the system. This residue (trub) represents
between 0.2 and 0.4 kg of waste per 100 L of beer. This
equated to between 364 and 728 thousand tons of waste
generated by the world beer industry in 2020."” Trub contains
a high level of protein (approx. 50%).* Moreover, according to
Kunze," it is estimated that 50% of the hop bitter compounds’
losses occur during wort boiling, representing a significant
effect on the brewing industry’s profitability. Hops are
proportionally the highest-priced raw material in the brewing
industry and are valued by the content of the bitter
compounds. Furthermore, higher demand for hop addition
impacts the environment due to the greenhouse gas emission
during its cultivation and processing. Hop production is
responsible for the emission of 3.5 to 5.5 kg of CO, per
kilogram of hops, summed by the footprint of agricultural
machinery, pesticides, fertilizers, and kilning.”

Hop provides the key bittering compounds in beer. These
are the isomers of iso-or-acids generated by the isomerization
reaction that follows first-order kinetics.” The a-acids are
converted into iso-ar-acids via an acyloin-type ring contraction,
resulting in two epimeric isomers cis- and trans-iso-ar-acids
during the wort boiling process step.” In the brewing
industry, utilization of a-acids represents an immense
challenge considering the enormous loss cf blttermg
compounds to the trub. According to Ginz et al,” the iso-a-

Received: January 10, 2023
Revised:  March 15, 2023
Accepted: March 21, 2023
Published: March 29, 2023

© 2023 American Chemical Society https://doi.org/10.102 1/acs.jafc.3c00185

< ACS Publications 5700 J. Agric. Food Chem. 2023, 71, 57005711



Journal of Agricultural and Food Chemistry

Page | 84

pubs.acs.org/JAFC

step. Therefore, the main purpose of this study was to develop
an understanding of the hop bitter acids’ effect on the barley
malt protein—protein complex formation during wort boiling.
This was done in an effort to uncover the cause of the bitter
compounds to the trub.

B MATERIALS AND METHODS

Experimental Design and Wort Preparation. For this study,
the design of the experiment (Figure 1) was used to explore the effect

%ﬁ +‘\\/

Pilsner Barley Malt

Wort Bailing

Waort Boiling

Figure 1. Design of experiment.

of hop bitter acid addition on the wort boiled. The trials were
conducted in triplicate, and the samples of sweet wort (SW), hopped
wort (HW), and unhopped wort (UW) were collected to proceed
with further analysis and characterization. The wort was produced
using 100% Pilsner barley malt (Weyermann GMbH, Bamberg)
ground to 1.2 mm and mixed with distilled water (1:4 w/w). The
mashing was performed in a mash bath following the mashing scheme
presented in Figure S1 (Supporting Information), which contains
details of the time and temperature used. The sweet wort was
separated from the brewer’s spent grain by filtration using paper filter.
To proceed to the wort boiling, the sweet wort was divided into two
portions of 1 L. Hop extract obtained from the Hopsteiner Company
(Nuremberg, Germany), containing 46.9% of a-acids, was added to
one of these 1 L portions. The boiling lasted 60 min, and the wort was
cooled down to 20 “C. Prior to sampling, the wort was filtered to
separate the trub formed during boiling. The samples were stored in a
freezer at —18 °C until analyzed. All experiments were conducted in
triplicate.

Wort Characterization. Table | shows the analyses performed
for wort characterization. The methodologies were according to the
Mitteleuropdische Brautechnische Analysenkommission e.V.
(MEBAK). The complete wort characterization data are present in
Table S1 (Supporting Information).

Table 1. Wort Characterization Methodologies According
to MEBAK

analysis MEBAK method MEBAK online reference
density” B-590.08.904 19
real extract” B-590.10.181 20
apparent extract” B-590.09.900 21
pH! B-590.00.040 22
original gravity” B-590.10.181 20
calorie” B-590.78.999 23
total nitrogen B-400.07.003 24
free amino nitrogen (FAN) B-400.11.111 25
total polyphenols B-59041.111 26
f-glucan B-400.26.900 27
bitter units (BU) B-400.17.110 28

“Analyses performed on the Density Meter DMA 4500M equipment
(Anton Paar GmbH, Graz, Austria).

5701

Bitter Acids by HPLC Analysis. The a- and iso-a-acids
homologues were analyzed according to ASBC-Methods of Analysis
Beer 23-C using an Agilent 1200 series HPLC system (Agilent
Technologies, Boblingen, Germany) at a flow rate of 1.0 mL min™"
with a § pL injection volume. Two mobile phases were used: mobile
phase B was 100% methanol, and mobile phase A was 59% methanol,
40% water, and 1% phosphoric acid (85%). The elution began with
100% of mobile phase A for the first 28 min and changed to 100% B
over the next 12 min. The last 15 min of analysis corresponded to
100% of phase A. A Purosphere Star LC-18 5 gim silica column (250
mm X 4.6 mm, Merck, Darmstadt, Germany) was used for separation.
Absorbance was measured at 270 and 314 nm. ASBC International
Calibration Extracts 1CS-14 (iso-a-acids) and an ICE4 standardized
hop extract containing a- and f-acids were used as standards for all
measurements.

Hydropathy and Isoelectric Point Determination. To
evaluate the physicochemical profile of the proteins, it was calculated
the grand average of the protein classes’ hydropathic value (GRAVY)
profile by the gravy calculator (https:_f‘_f'\m'w.bioinformatics.org_ﬁ
sms2/protein_gravy.html) using the protein sequence in FASTA
format obtained from the Uniprot database. The isoelectric point (PI)
was calculated using the isoelectric point calculator [https:,","www.
b'10'1nformatics.org_f'smsl,"protein_iep.htnﬂ).3"

Protein Extraction and Digestion. Wort proteins were extracted
by acetone precipitation. 200 L of wort was transferred to an
Eppendorf tube, and 800 yL of cold acetone (at —20 °C) was added.
The mixture was incubated for 90 min at =20 °C, followed by 10 min
centrifugation (Concentrator 5305 plus, Eppendorf, Germany) at
13,000 g. The supernatant was removed, and the pellet was air-dried
for 30 min at room temperature. The protein pellets were
resuspended with sodium dodecyl sulfate (SDS) sample buffer and
boiled for 5 min at 95 ®C. The samples were centrifuged at 17,500X g
for 10 min. The proteins were separated by SDS-PAGE gel using a
Tris-Glycine SDS running buffer. The gels were stained with colloidal
Coomassie blue, followed by overnight washing. The SDS-PAGE gel
was cut into gel pieces. 250 gL of 50 mM ammonium bicarbonate
(ABC) was added and shaken for 30 min at 37 °C. The gel washing
was performed with the subsequent addition of acetonitrile (ACN)
and 50 mM ABC solution. The protein reduction took place in a
shaker at 37 °C for 30 min with 150 L of reduction buffer (10 mM
dithiothreitol (DTT) in 50 mM ABC solution). This was followed by
the addition of 150 uL of alkylation buffer (55 mM iodoacetamide
(1AA) in 55 mM ABC buffer) and incubated in the darkness at room
temperature for 20 min. The alkylation buffer was removed, and 150
uL of ACN was added to shrink the gel pieces for 5 min. The
digestion was performed with the addition of 150 yL of trypsin buffer
(0.005 pg pL™" trypsin in S0 mM ABC, 5% ACN (v/v)), and the
digestion proceeded overnight at 37 °C. The digestion was terminated
by acidification with 6 L of 10% trifluoroacetic acid (TFA), shaking
for 15 min. Peptides were desalted using C18 StageTips as described
by Rappsilber et al.*’ and then were eluted from StageTips with 2 X
10 pL of 80% acetonitrile and 0.1% TFA. The samples were dried by
vacuum centrifugation (Concentrator 5305 plus, Eppendorf,
Germany) to be dissolved in 10 L of 1.6% acetonitrile and 0.1%
formic acid (FA) subsequently.

LC-MS/MS Analysis. Liquid chromatography coupled with mass
spectrometry (LC-MS/MS) analyses were performed on a Thermo
Scientific Q Exactive HF hybrid quadrupole-Orbitrap mass
spectrometer coupled online to Ultimate 3000 RSLCnano Systems
(Dionex, Thermo Fisher Scientific). The analytical column was a
temperature-controlled EASY-Spray C18 LC column with a particle
size of 2 pm and a length of 500 mm (Thermo Fisher Scientific,
Germany) operated at 45 °C. Mobile phase A consisted of 0.1% FA in
water; mobile phase B consisted of 80% acetonitrile and 0.1% FA.

Peptides were loaded onto the column and eluted at a flow rate of
0.3 4L min™", Peptides were separated by a series of linear gradients:
2—38% buffer B in 40 min, 38—52.5% in 4 min, and then 90% in 1
min. Eluted peptides were ionized by an EASY-Spray source (Thermo
Scientific, Germany) and introduced directly into the mass
spectrometer.

https://doi.org/10.1021/acs jafc.3c00185
J. Agric. Food Chem. 2023, 71, 5700-5711
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Figure 2. Wort composition showed in a principal component analysis: (a) PCA biplot components 1 and 2; (b) PCA biplot components 1 and 3;
HW—hopped wort, SW—sweet wort, and UW—unhopped wort. *The large sample dots represent the centroid of the ellipse, whereas the small

dots represent each replicate.

The MS data were acquired in the data-dependent mode. MS1
spectra were recorded at 120,000 resolution (scan range 350—1600
m/z). In each acquisition cycle, the 10 most intense peaks with a
charge >2 were individually isolated with a 1.6 m/z window. The
isolated ions were fragmented using higher-energy collisional
dissociation (HCD) with stepped collision energy (27, 29, and
31%). The maximum injection time for MSI scans was set to 50 ms
and the automatic gain control (AGC) to 3.0E6 ions. The MS2
spectra were recorded at 15,000 resolution, maximum injection time
of 80 ms, and AGC set to 1.0E5 ions. Dynamic exclusion was enabled
with a single repeat count and 60 s exclusion duration.

Data Processing and Protein Identification. Protein identi-
fication was conducted using MaxQu ant™” version 1.6.12.0. The mass
spectrometry data were searched against reference proteome:
UP000011116 (downloaded from Uniprot). The default parameters
in MaxQuant were applied. Label-free quantitation was performed
with at least two peptides per protein. The final dataset contained the
proteins quantified in three replicates of each treatment. The data
were pretreated by filtering the noise and log, transformation in
Perseus 1.6 software.” Each protein was analyzed by Student’s t-test
using Perseus’s default parameters. The resultant matrix was used for
the protein class analysis in Microsoft Excel (Supporting Information
File). The protein groups that belonged to the same class (Panther
database) or family (Uniprot) were merged due to the lack of

information regarding gene names. The protein relative abundance
matrix was built by summation of MaxLFQ normalized protein
intensities of protein groups that map to the same class/family. The
replicate’s mean abundance was calculated (missing values were
discarded). The percentual difference was calculated using the
absolute difference between the treatments for HW. The enrichment
analysis was conducted in Microsoft Excel with the protein classes
matching the gene ontology (GO) terms extracted from the Uniprot
database.

Statistical Analysis. The wort composition dataset was statisti-
cally evaluated by one-way ANOVA with post hoc Tukey’s test using
Minitab software. Additionally, for this dataset, the unsupervised
analysis using principal component analysis (PCA) was performed in
RStudio (package: FactomineR) to assess the groupings or trends in
the data. The plots of scores and loadings were used to determine the
number of principal components (Supporting Table S2).

B RESULTS AND DISCUSSION

Effect of Hop Bitter Acids on Wort Composition and
Hop Bitter Acid Utilization. Wort is a complex mixture of
soluble and suspended proteins, carbohydrates, and small
organic molecules. To understand the hop addition influence
on the wort composition, an unsupervised PCA was

hittps://doi.org/10.102 1/acs jafc.3c00185
J. Agric Food Chem. 2023, 71, 5700-5711
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performed. The principal components (PC) were selected
according to the eigenvalues for PC smce the eigenvalues
under 0.7 demonstrate lower s;gmﬁca.nce * The first three and
most important components can be seen in the biplot of Figure
2ab, which captures 94.33% of the accumulated variance
(Supporting Table S2). The plot shows the clusters of the
treatments, and notably, the cluster of the SW samples
demonstrated a separation in comparison with the clusters of
HW and UW samples. This clustering indicates that the higher
influence was the wort boiling step. The polyphenol content
and total nitrogen (TN) represent the higher contribution
(Supporting Figure S3b) to the PC1 (first component), which
was able to separate the samples before and after the wort
boiling. The PC2 was explained mainly by the variables FAN
(free amino nitrogen) and f-glucan (Supporting Figure S3c).
The plot PC1 vs PC2 demonstrates a negative correlation
between the f-glucan and polyphenol content with the extract,
FAN, and TN. From Table S3, it can be seen that the TN,
FAN, and extract content decreased due to the boiling step.

The TN content is commonly determined to measure the
dissolved nitrogenous materials in the wort, which are in good
correlation with the protein content.'® It is well known that the
protein thermally denatures during wort boiling, leading to the
exposure of the hydrophobic sites.”> To promote the
thermodynamic stabilization of the protein molecule, they
form a colloidal structure through hydrophobic interactions.**
This phenomenon can be clearly seen in the TN content that
shows a significant (p < 0.05) decrease in the samples after
boiling. However, there were no significant differences between
the TN in the HW and UW treatments, demonstrating that the
hop bitter acid addition had a slight effect on the total protein
content of the wort. Proteins play a fundamental role in
determining beer quality, especially with respect to foam and
haze stability. Therefore, protein precipitation directly affects
the sensorial appearance of the beer and consumer accept-
ance."” A negative correlation of —0.72 of TN and polyphenol
content was observed (Supporting Figure S3), suggesting an
intermolecular interaction between them, ie., an increase in
TN leads to a reduction in polyphenol content, thereby
promoting their precipitation with the trub. This is also in
accordance with the literature.”

As shown in Figure 2a, it is noticed that there was no
significant separation in the clusters in the second dimension,
indicating that the hop addition and the boiling step had a
lower influence on the FAN and f-glucan content. A slight
decrease in the FAN content in HW and UW in comparison to
SW (Supporting Table S3) was observed. FAN is correlated
with the measurement of the ammo acid in the wort, being an
important malt quality parameter ® In addition, amino acids
are the minor subunit of protein that are involved in the
fermentation performance.” The amino acids also cause the
buffering of the wort and react with reducing sugar through
Maillard reactions.>”** Therefore, the FAN content decreased,
as expected, due to the Maillard reaction, formmg melanoidins
that contribute to the brown color of the wort.** Furthermore,
no significant difference (p < 0.05) was observed with the hop
addition. These results confirm the Ginz et al.” findings, which
demonstrated that there was no interaction between FAN and
hop bitter acids.

Hop bitter acid analysis by HPLC was performed only in the
HW samples since no hops were added to the UW samples,
and therefore, no hop bitter acids were expected to be present.
The results of the main a- and iso-a-acid homologues and the
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total content are set out in Flgure . 23.32% of the total a-acids
added were converted into iso-a-acids. Accordingly, 56% of the
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Iso-a-acids
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’ 23.32% utilized
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Figure 3. Hop a- and iso-a-acid homologue concentration in the
hopped wort; CoH: cohumulone, N + AdH: N- and adhumulone,
Total AA: total a-acids, Iso CoH: isocohumulone, Iso N + AdH: iso-
N- and iso-adhumulone, and Total Iso: total Iso-x-acids.

bitter compounds added were lost, which may be explained by
linkages with particular proteins in the aggregates and
concomitant precipitation with the trub.” Consequently, a

higher proportion of hops need to be added to achieve a
certain bitterness in the finished beer, thus representing higher
production costs. The loss of bitter compounds during wort
boiling is a common issue for the brewing industry.

Effect of Hop Compounds on the Barley Malt Protein
Profile. Barley is generally composed of 8—15% protein that
becomes modified throughout the malting and brewing
process.”” The proteins play an important role in beer quality
parameters, such as mouthfeel, foam formation, and haze
activity.'” In this study, proteomic analysis was performed to
identify the global proteome of the boiled wort to investigate
the influence of hop bitter compounds. For that, LC-MS/MS
analysis was used, identifying 83 protein groups. The label-free
quantitation (LFQ) data were preprocessed using Perseus
software, and the resulting annotation matrix was extracted for
further data analysis (Supporting Information File). To
investigate the biophysical properties of the boiled wort
proteome, the isoelectric point (PI) and grand average of
hydropathicity (GRAVY) index were calculated by the FASTA
protein sequence in the PI and GRAVY calculator for each
protein group identified from HW and UW treatments.”” The
barplot (Figure 4) provides the intercorrelations among the PI
and GRAVY index for the protein groups found in both
treatments. The GRAVY index demonstrates the hydro-
phobicity of the proteins, with the positive values representing
the hydrophobic proteins, whereas the negative values
correlate with the hydrophilic proteins. Many proteins show
negative scores, ranging from —1.7 to 0.0 (Figure 4). This
indicates that the proteins of the wort in both treatments are
more hydrophilic. The study of Mahalmgam et al.” showed a
hydrophilicity tendency of the proteins in dry matured seeds,
which demonstrated an inner characteristic of the barley
proteomic. In the current study, the boiled wort’s higher
hydrophilicity is explained by the extraction of the water-
soluble proteins after the mashing step.

https.//doi.org/10.1021/acs jafc.3c001 85
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Figare 4. HW and UW protein classes isoelectric point (PI) vs grand
average hydrophaticity (GRAVY). *More detailed information about
the protein groups is found in the Supporting Information File.

The PI directly affects the solubility of a protein molecule at
a certain pH. The protein contains a neutral net charge at the
PI, and it is likely to precipitate due to the lack of electrostatic
repulsion and the reduction of the solvation by water
molecules, promoting aggregation and precipitation by hydro-
phobic interactions.”" The PI of protein groups found in the
boiled wort range from 3.8 to 11.31, whereas the plant
proteome PI normally stands out between 1.99 and 13.96."
Despite the barley proteins mainly having an acidic PI, the

peak was observed in the alkaline PI with 56 protein groups
within the 7.0-10.0 range (Supporting Information File) in
contrast to 17 protein groups in the acidic range (3.5-6.0)."
The wort pH after boiling was at 5.6, which explains the
diminished content of proteins in the acidic pH due to lower
solubility, resulting in protein aggregation and consequently
precipitation. The protein location in a cellular environment
demonstrated a correlation with the PI, influencing the
protein’s molecular function and biological processes.”’ Of
the protein groups with alkaline PI, the lipid process-related
and storage proteins increase significantly (Supporting Table
S§4) in comparison to the acidic PI range. The alkaline protein
is represented mainly by lipid transfer proteins (LTPs) and
hordeins.

The GO terms for the molecular function (MF) and
biological process (BP) were matched from the Uniprot
Hordeum vulgare vulgaris database in Perseus software by an
annotation tool, and the enrichment analysis presented in the
donut chart in Figure Sab was performed in a Microsoft Excel
datasheet (Supporting Information File). The labels of MF or
BP with a percentage under 2% were removed from the chart,
which can be seen in the Supporting Information File for
further details. It is noticed that the hop addition had a low
influence on the protein profile regarding the most abundant
MF and BP in comparison with the wort without hop
compounds. The most abundant proteins have the following
molecular functions: protease inhibitor (28%), other or
undefined (15%), nutrient reservoir activity (15%), lipid
binding (13%), and metal binding (7%) functions. Likewise,
the main biological process in the remaining proteins of the
wort is related to the plant defense, which is also reflected in
the molecular function. However, due to the lack of
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function.
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chart is merely a representation of treatment difference.

information in the database, 20% of the proteins belonged to
the other or undefined category. Also, the lipid process-related
and storage biological processes stand out as the main ones
that can be seen in the molecular function. The barley
proteome is the largest one known in the plant kingdom,
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containing proteins for several molecular functions and
biological processes, which play an important role in the
organism’s survival. ™ In that way, the plants evolved along
their evolution as a mechanism for defense against microbial
attacks. In this study, numerous defense proteins were

https://doi.org/10.102 1/acs.jafc. 300185
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identified, specifically protease inhibitors, such as amylase and
trypsin inhibitors, serine protease inhibitors, and thionins.
Normally, those proteins correlate with the exposure of the
barley to pathogens and pests, which is mainly dependent on
the growing conditions. They act by inhibiting subtilisin-type
serine proteases of pathogens and pests, despite their biological
mechanisms being still unknown.”* Hence, reducing contam-
ination might deplete the production of those proteins.

The MF and BP results are correlated with protein
abundance. Amongst the most abundant proteins were those
that play a role in beer haze and foam formation. The most
abundant proteins are represented by the hordeins, which are
storage proteins responsible for the haze activity in beer
(Figure 6a,b). Due to the incompleteness of entries in the
Uniprot database for barley proteins, the protein groups were
identified by their homologues from the wheat proteins,
namely, gliadin and glutenin, which are present in gluten
(Supporting Information File). This protein class count with a
complex polymorphic mixture of proteins. The haze-active
protein classes of a-amylase/trypsin inhibitors and germin-like
proteins are also the most found in wort and beer. Moreover, it
can be seen that the foam-related LTP and protein Z are
present in higher amounts in the wort. These data are
consistent with the wort and beer proteome coverage.'”™**

The protein modifications are common in the malting and
brewing process. To understand the influence of hop bitter
acids on protein—protein interactions and the complex
formation, the difference in the abundance of each protein
class among the treatments was calculated, and it is presented
in a lollipop chart in Figure 7. These results did not show a
significant difference with the hop addition regarding the most
abundant haze-active protein classes, such as hordeins and a-
amylase/trypsin inhibitors. In addition, the foam-active protein
classes (LTP and protein Z) responded inversely to the hop
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(HW —TW)
HW

bitter acids addition. The LTP was more abundant in the
presence of hop compounds than protein Z.

However, the minor protein classes changed considerably, as
shown in the chart (Figure 7), whereas those proteins are not
related to the beer quality. Amongst them, thionin shows the
highest difference between the treatments, being more
abundant in the HW than in the UW.***~% On the other
hand, the aspartic protease and late embryogenesis abundant
protein (LEA) summed up 17% of the difference, being more
abundant in the UW, ie, they were precipitated in the
presence of hop bitter compounds. Thionin has been reported
as a defense protein, presenting high toxicity toward
pathogens, specifically fungi, and bacteria.”® They are classified
as small and cysteine-rich proteins, forming disulfide bridges to
stabilize the tertiary structure,’’ whereas the LEA protein
family is related to stress response to water deficit and salt
stress.

Protein folding is based on the hydrophobic effect in which
the molecules undergo hydrophobic interactions with the
hydrophobic side chains of the amino acids and isolate
themselves within the protein structure to increase the stability
in an aqueous solution. ! Moreover, the protein commonly
rises its tertiary structure stability by disulfide bonds among
cysteine residues.”” However, the wort boiling induces thermal
denaturation, leading to the protein unfolding.”" The Jin et
al® study demonstrated that bardey malt proteins unfold
during the wort boiling, exposing the inner hydrophobic
groups. The unfolded proteins form protein—protein aggre-
gates due to the exposed hydrophobic groups’ interaction to
promote thermodynamical stabilization.”** Furthermore, the
protein denaturation leads to the reduction of the disulfide
bonds, which affects the protein stability and the tertiary
structure of the cysteine residues exposed.”***

https://doi.org/10.1021/acs jafc.3c00185
J. Agric. Food Chem. 2023, 71, 5700-5711
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This study showed that the composition of the protein—
protein complex changes due to the addition of hop bitter
acids (Figure 7). Since the abundance of the haze-active
proteins remains similar in both treatments, it is suggested that
those protems form the backbone of the protein—protein
complex.”” The lower-molecular-weight protein interacts by
hydrophobic interaction and/or a disulfide bond with the
hydrophobic domains and cysteine residues, respectively. This
commonly occurs in food protein cross-linking to promote
protein stabihzatlon in the medium by the formation of layers
in the aggregate ° On the other hand, it is interesting to note
that the protein—protein complex formation is altered due to
the influence of hop bitter acids on protein cross-linking. As
mentioned in the literature review, the iso-a-acids form a
vesicular structure with LTP and protein Z. It was proposed by
Lu et al” that the protein Z plays a major role in the
formation of the aggregates with iso-a-acids in comparison to
LTP due to the alternating hydrophilic and hydrophobic
regions distributed along the polypeptide chain, and a vesicular
structure is formed to avoid the exposure of the hydrophobic
domains. As suggested by Lu et al,™ the iso-a-acids act as a
cross-linker within the protein layer adsorbed. It is already
known that protein—protein adsorption is influenced by the
order in which the protein adsorbs onto a pre- -adsorbed layer,
as was demonstrated by the Lu et al® study. The protein Z
adsorbs to the LTP surface due to the positive charge given to
the surface by LTP, creating an electrostatic attraction, whereas
the LTP does not adsorb to the surface pre-adsorbed by
protein Z. This phenomenon was also described by Ornebro et
al,” the gliadin fraction adsox:pt:on relies on the aggregation
order Also, a study of Lu et al.”” demonstrated that iso-a-acids
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are prone to adsorb in thick layers at hydrophobic interfaces
through hydrophobic interactions, forming colloidal particles.
They also showed that the presence of additional ions
influences the aggregation properties of iso-a-acids.

Over the past decades, less attention has been paid to the
less abundant and non-foam-active protein interactions with
hop bitter acids. Surprisingly, this study demonstrated that
they might play a role in the hop bitter acids’ linkage to the
protein in the aggregates due to hydrophobic domains as well
as cysteine residues. Cysteine is known as a biological
nucleophile that is able to react with electrophﬂes and form
a covalent bond, despite its selective reaction.”’ The role of
cysteine binding to aldehydes was uncovered by the studies of
Baett et al.”>"* They demonstrated that cysteine interacts with
aldehydes due to an increased nucleophilic character of the
sulfhydryl group. Similarly, this effect might occur between the
hop bitter acids and the exposed cysteine groups during the
wort boiling. The carbonyl carbon atom becomes more
electrophilic due to the higher electronegativity of the oxygen,
being prone to react with the free thiol group of the cysteine.”
Therefore, hop bitter acids could act as a cross-linker, binding
to the protein and facilitating the aggregation of a certain
fraction of proteins instead of others. Furthermore, the
proteins that were most affected by the hop addition are not
involved directly in beer quality. Their production might be
suppressed by barley breeding. However, the protein cross-
linking and modification due to thermal energy should be more
comprehensively investigated to uncover the mechanism of
protein aggregate formation.

Single Protein Group(s) Likely to Precipitate in the
Presence of Hops. The dataset of the protein groups was

https://doi.org/10.1021/acs jafc. 3c00185
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statistically analyzed by Student’s ftest to evaluate the
differential significance of the hop addition. To further explore
the proteome measurements, a volcano plot was generated to
compare the protein abundance differences between the HW
and UW treatments (Figure 8a). The differential abundance
was plotted against log; (p-value), and the results are refined
according to the significance p-value > 0.05. The results
revealed that peroxidase abundance was significantly modified
by the hop addition, being present in higher abundance in the
wort without a hop compound. This suggests that this protein
group is likely to precipitate with the addition of hop bitter
acids and therefore is prone to react with them.

Peroxidase is present in almost all living organisms. In plants,
they participate in myriad biological processes, such as stress
response, lignification, and most importantly, the defense
against pathogens.”””®”" This oxidoreductase enzyme per-
forms a protective activity due to its capability to catalyze the
oxidative cross-linking of proteins and phenolics in the plant
cell wall, protecting the plant from degradation.'"g’m The
peroxidase superfamily comprises three classes in which class
III contains the most representative barley grain peroxidase
group, BP1. The structure of the peroxidase BP1 (Figure 8c)
was determined by Henriksen et al,”® revealing a heme group
sandwiched between a distal N-terminal domain and a
proximal C-terminal domain. The melecule comprises a-helix
structures, which are common in peroxidases. The active site
structure contains a heme iron surrounded by histidine bound
by a hydrogen bond to aspartate, and the heme is embedded in
a hydrophobic environment. In addition, the protein comprises
cation binding sites composed of Ca**, which is important for
enzyme activity, carbohydrate structure to increase the
structure stability, and cysteine residues that form disulfide
bonds and stabilize the f-sheet site.””

The heme-containing peroxidase reacts with hydrogen
peroxide by iron oxidation, forming a radical, which indicates
its ability to react with species through an oxidoreduction
reaction.” It is already known that peroxidase causes oxidation
of polyphenols in beer, increasing the turbidity.”" During the
wort boiling, the protein thermally denatures, causing its
unfolding and the exposing of the active sites containing the
heme group as well as the hydrophobic sites and cysteine
residues. The transition-metal ions are involved in several
reactions to deplete the flavor stability in beer due to their
capacity to form oxidative radicals.” Within the compounds
that are reactive to transition-metal ions, specifically ferrous
iron stands the hop bitter acids."" Wietstock et al.*' elucidated
the antioxidant activity of hop «- and iso-a-acids by the
formation of complexes with Fe’*. Those hop bitter acids
chelate the iron ion, demonstrating the ability to bind
covalently to form the complex hop bitter acid-metal."’
Comparably, this linkage might occur between the exposed
heme group of the unfolded peroxidase with hop bitter acids
throughout wort boiling. Aside from the hop bitter acid
interaction with the protein classes discussed previously,
peroxidase is suggested to play a major role in the hop bitter
acid interaction in the protein aggregate formation. Clearly, the
situation is complex, with several possible interactions.
However, it might lead to the hop bitter acids binding to the
protein—protein complex, which is precipitated to the trub.
Further investigation about the mechanism of hop bitter acid
linkage to the protein sites should take place to uncover the
cause of protein aggregates and hop bitter acid interactions.
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In summary, this study presented for the first time the
correlation between the hop bitter acid addition and barley
malt protein profile. Although the hop addition did not show a
significant influence on the overall wort composition, it could
be seen that the protein—protein complex formation was
modified due to the addition of hop compounds. These
findings suggest that hop a- and iso-a-acids might interact with
the cysteine and/or the active sites of peroxidase during the
boiling step. The empirical findings of this study provide a new
understanding of the role of barley malt protein in the brewing
process. Further research is needed to explore the mechanism
of those protein—ligand bindings.
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B ABBREVIATIONS USED

SW, sweet wort; HW, hopped wort; UW, unhopped wort;
MEBAK, Mitteleuropaische Brautechnische Analysenkommis-
sion; HPLC, high-pressure liquid chromatography; GRAVY,
grand average hydropathic value; PI, isoelectric point; SDS,
sodium dodecyl sulfate; SDS-PAGE, sodium dodecyl sulfate—
polyacrylamide gel electrophoresis; ABC, ammonium bicar-
bonate; ACN, acetonitrile; DTT, dithiothreitol; IAA, iodoace-
tamide; TFA, trifluoroacetic acid; FA, formic acid; LC-MS/
MS, liquid chromatography coupled with mass spectrometry;
MS, mass spectrometry; HCD, higher-energy collisional
dissociation; AGC, automatic gain control; GO, gene
ontology; PCA, principal component analysis; PC, principal
component; TN, total nitrogen; FAN, free amino nitrogen;
LFQ, label-free quantitation; LTP, lipid transfer proteins; MF,
molecular function; BP, biological process; LEA, late embryo-
genesis abundant protein
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ABSTRACT: A persistent challenge in brewing is the efficient utilization of hop bitter acids, with about 50% of these compounds
precipitating with trub during wort boiling. This study aims to uncover the correlation between the barley cultivar proteome and hop
bitter acid utilization during wort boiling. Therefore, comparative experiments were conducted using two cultivars, Liga and Solist,
with varying proteomes to identify specific proteins’ role in hop bitter acids precipitation. High-performance liquid chromatography
(HPLC) was used to measure hop bitter acid content, while liquid chromatography-tandem mass spectrometry (LC-MS/MS) was
used to quantify and identify proteins. The 107 protein groups, particularly enzymes linked to barley metabolic defense mechanisms,
exhibited significant differences between the two cultivars. Results revealed significantly lower a- and iso-a-acid content in wort
produced from the barley cultivar Liga. This study highlights the critical role of the barley proteome in optimizing process efficiency

by enhancing hop utilization through barley cultivar selection.

KEYWORDS: Humulus lupulus, proteomics, isohumulones, circular economy, process efficiency

B INTRODUCTION

The global brewing industry holds a significant position as a
primary producer of alcoholic beverages, yielding an impressive
1.89 billion hectoliters in 2022." However, this achievement
comes with a notable environmental cost, marked by a
substantial greenhouse gas (GHG) emission of approximately
30,172.15 kilotons of CO, equivalent, with 22% originating
from the supply chain, particularly raw materials.” Moreover,
the industry faces the generation of considerable quantities of
by-products, amounting to 4352 kilotons of solid waste in
2021.° In light of the pressing global challenge of climate
change, the brewing industry faces a pivotal moment, inducing
a change from a linear business model to one rooted in the
principles of a circular economy. The circular economy,
characterized by maximizing resource utilization and minimiz-
ing waste generation, serves as a strategic framework for
reusing, reducing, and recycling materials, energy, and
resources [fo foster sustainability and mitigate environmental
impacts.”

In the brewing industry, optimizing the extraction of bitter
compounds from hops (Humulus lupulus L.) presents a
significant challenge, as these compounds are crucial for
contributing the desired bitterness to the final product. Studies
indicate that only a modest portion, typically between 30% and
50%, of the bitter acids are retained in the finished beer.® This
inefficiency establishes a considerable obstacle to optimizing
beer production, especially for highly hopped beverages. The
essential bitter compounds in beer are the iso-a-acids,
generated by the precursor a-acids during wort boiling.”
However, the formation of iso-a-acids is reduced by factors
such as protein coagulation and precipitation with trub during
the boiling process. Elevated temperatures during boiling

© XXXX The Authors. Published by
American Chemical Society

\ -4 ACS Publications

induce protein denaturatlon, facilitating the formation of
protein—protein complexes.” 7 Yet, the precise interaction
between hop bitter compounds and barley-derived proteins
remains poorly understood.

Barley malt serves as the primary source of proteinaceous
material in both wort and beer. However, a significant portion
of these proteins coagulate as trub, constituting approximately
50—60% of the protein content in this by-product.'” The
composition of the barley proteome is inherently influenced by
genotype, with slight modifications occurring during the
malting process.' In a recent study, we explored the impact
of hop bitter acids addition on the formation of protein—
protein complexes during boiling, revealing alterations in
protein aggregatlon mechanisms and protein profiles of
resulting aggregates.'” While existing research has predom-
inantly focused on the influence of barley genotype and
proteome on beer quality traits like foam stability and haze,
little attention has been paid to their role in protein
PrEClpltatlon during boiling and subsequent hop bitter acid
utilization."* Hence, this study represents a pioneering effort to
elucidate the influence of barley genotype on protein
coagulation during boiling and, consequently, its effect on
the hop bitter acid yield. Unraveling these complex interactions
will enable the brewing industry to use hop products and
barley malt more efficiently, thereby promoting sustainability
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goals such as GHG mitigation, ahgmng with the United
Nations’ sustainable development agenda."

B MATERIALS AND METHODS

Experimental Design and Wort Preparation. For this study,
experiments were designed (Figure 1) to explore the effect of
commercial barley cultivars on hop bitter acid utilization. The wort
was produced using 100% Pilsner barley malt from the Liga or Solist
barley varieties (Ireks, Kulmbach, Germany) ground at 1.2 mm and
mixed with distilled water (1:4 w/w). Those barley cultivars were
chosen for this study based on their wider usage in the brewing
industry and their proteome variation. This design of the experiment
focused on comparing cultivars that were processed similarly into
Pilsner malt. The same barley malt batch was used for all trials to
avoid variability. The trials were conducted in triplicate, and the
samples before boiling (Liga-BB/Solist-BB), Liga wort after boiling
(Liga-AB), and Solist wort after boiling (Solist-AB) were collected for
further analysis and characterization. The mashing was performed in a
mash bath following the mashing scheme presented in Figure SI
(Supporting Information) which contains details of the time and
temperature used. The sweet wort was separated from the brewer’s
spent grain by filtration using a folded paper filter with a diameter of
320 mm (Whatman, Dassel, Germany). Hop CO, extract obtained
from Hopsteiner Company (Niirenberg, Germany) was added to
achieve 90 mg/L of a-acids. Hop CO, extract was used in this
experiment to avoid the addition of hop polyphenols and, therefore,
ensure a more controlled and consistent experimental setup. The
boiling was done under reflux and lasted 60 min until the wort was
cooled to 20 °C. Prior to the Liga-AB and Solist-AB sample collection,
the wort was filtered to separate the trub formed during the boiling.
The samples were then stored in a freezer at —18 °C until the analysis.

Wort Characterization. Table 1 shows the analysis performed on
the wort. The methodologies were according to the Mitteleuropiische
Brautechnische Analysenkommission eV (MEBAK). The complete
wort characterization data are present in Table S1 (Supporting
Information).

Bitter Acid Analysis by HPLC. Hop a- and iso-ar-acid
homologues were analyzed according to ASBC-Methods of Analysis
Beer 23-C in a high-pressure liquid chromatography (HPLC) system
Agilent 1100 series HPLC system (Agilent Technologies, Boblingen,
Germany) at a flow rate of 1.0 mL/min with a § L injection volume.
Two mobile phases were used. Mobile phase B was 100% methanol,
and mobile Phase A was 59% methanol, 40% water, and 1%

Table 1. Wort Characterization Methodologies According
to MEBAK

analysis MEBAK method ~ MEBAK online ref
density” B-590.08.904 15
real extract” B-590.10.181 16
apparent extract” B-590.09.900 17
PH" B-590.00.040 18
original gravity” B-590.10.181 16
calorie” B-590.78.999 19
total nitrogen B-400.07.003 20
free amino nitrogen (FAN) B-400.11.111 21
total polyphenols B-590.41.111 22
f-glucan B-400.26.900 23
bitter units (BU) B-400.17.110 24

“Analyses performed on the density meter DMA 4500 M equipment
(Anton Paar GmbH, Graz, Austria).

phosphoric acid (85%). The elution began with 100% of mobile phase
A for the first 28 min and changed to 100% B over the next 12 min.
The last 15 min of analysis corresponded to 100% of phase A. The
ASBC method was adapted regarding the mobile phase gradient, flow
rate, and run time to improve the analysis of the equipment used. A
Purosphere Star LC-18 § um silica column (250 mm X 4.6 mm,
Merck, Darmstadt, Germany) was used for separation. Absorbance
was measured at 270 and 314 nm. The international calibration
standards ICS-14 and ICS-Al obtained from Labor Veritas (Ziirich,
Switzlerand) were used as standards for all measurements.

Hydropathy and Isoelectric Point Determination. The grand
average of the protein classes’ hydropathic value (GRAVY) profile was
calculated by the gravy calculator (https://www.bioinformatics.org/
sms2/protein_gravy.html) using the protein sequence in FASTA
Format obtained from the Uniprot database. The isoelectric point
(pI) was calculated using the isoelectric point calculator (https //
www.bioinformatics.org/sms2/protein_iep.html).”

Protein Extraction and Digestion. Wort proteins were extracted
by acetone precipitation due to high efficiency, removal of
contaminants, simplicity, and speed. Then 200 uL of wort was
transferred to an Eppendorf tube, and 800 4L of cold acetone (at —20
°C) was added. It was incubated for 90 min at —20 °C, followed by a
10 min centrifugation (Concentrator 5305 plus, Eppendorf,
Germany) at 13 OOOg. The supernatant was removed, and the Pe]let

https://doi.org/10.1021/acs.jafc.4c04396
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Figure 2. Wort composition showed in a principal component analysis: (a) PCA biplot of components 1 and 2 (the large sample dots represent the
centroid of the ellipse, whereas the small dots represent each individual replicate. The “contrib” metric indicates how much each variable
contributes to the formation of the principal components). (b) Correlation plot of variables in each dimension calculated by Cos™: Liga (BB),
cultivar Liga before boiling; Liga (AB), cultivar Liga after boiling; Solist (BB), cultivar Solist before boiling; Liga (AB), cultivar Liga after boiling.

was dried for 30 min at room temperature. The protein pellets were
resuspended with SDS sample buffer and boiled for 5 min at 95 °C.
The samples were centrifuged at 17 500g for 10 min. The proteins
were separated by SDS-PAGE gel using a Tris-Glycine SDS running
buffer and a molecular weight marker to verify the protein separation.
The gels were stained with colloidal Coomassie Blue followed by
overnight washing. To the gel pieces were added 250 L of 50 mM
ammonium bicarbonate (ABC) before shaking for 30 min at 37 °C.
The gel washing was performed with the subsequent addition of
acetonitrile (ACN) and 50 mM ABC solution. The protein reduction
took place in a shaker at 37 °C for 30 min with 150 xL of reduction
buffer (10 mM dithiothreitol, DTT, in 50 mM ABC solution). This
was followed by the addition of 150 uL of alkylation buffer (5§ mM
iodoacetamide, IAA, in 55 mM ABC Puffer) and incubated in
darkness at room temperature for 20 min. The alkylation buffer was
removed, and 150 uL of ACN was added to shrink the gel pieces for §
min. The digestion was performed with the addition of 150 L of
trypsin buffer (0.005 pg pL™" trypsin in 50 mM ABC, 5% ACN (v/
v)), and the digestion proceeded overnight at 37 °C. The digestion
was terminated by acidification with 6 uL of 10% trifluoroacetic acid
(TFA), shaking for 15 min.

As described by Rappsilber et al. (2003), peptides were eluted from
the StageTips with 2 X 10 4L of 80% acetonitrile and 0.1% TFA. The

samples were dried by vacuum centrifugation (Concentrator 5305
Plus, Eppendorf, Germany) to be dissolved in 10 uL of 1.6%
acetonitrile and 0.1% formic acid (FA) subsequently.

Protein Identification. Liquid chromatography coupled with
mass spectrophotometer (LC-MS/MS) analyses were performed on a
Thermo Scientific Q Exactive HF hybrid quadrupole—Orbitrap mass
spectrometer coupled online to Ultimate 3000 RSLCnano Systems
(Dionex, Thermo Fisher Scientific). The analytical column was a
temperature-controlled EASY-Spray C18 LC column with a particle
size of 2 yim and a length of 500 mm (Thermo Fisher Scientific,
Germany) operated at 45 °C. Mobile phase A consisted of 0.1% FA in
water; mobile phase B consisted of 80% acetonitrile and 0.1% FA.

Peptides were loaded onto the column and eluted at a flow rate of
0.3 uL/min. Peptides were separated by a series of linear gradients:
2% to 38% buffer B in 40 min, 38% to 52.5% in 4 min, and then 90%
in 1 min. Eluted peptides were ionized by an EASY-Spray source
(Thermo Scientific, Germany) and introduced directly into the mass
spectrometer.

The MS data were acquired in data-dependent mode. MS1 spectra
were recorded at 60000 resolution (scan range 350—1400 m/z) to
ensure less than § ppm error for precursor ions and a mass range of
700—8400 Da (approximately 7—84 amino acid residues). In each
acquisition cycle, the 10 most intense peaks with a charge >2 were

httpsi//doi.org/10.1021/acs.jafc.4c04396
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individually isolated with a 1.6 m/z window. The isolated ions were
fragmented using higher-energy collisional dissociation (HCD) with
stepped collision energy (27%, 29%, and 31%). The maximum
injection time for MS1 scans was set to 50 ms and the automatic gain
control (AGC) was set to 3.0 X 10° ions. The MS2 spectra were
recorded at 15 000 resolution to maintain less than 10 ppm error for
fragment jons while minimizing scan time and maximizing the
number of sampled precursors, maximum injection time of 80 ms, and
AGC set to 1.0 X 10° jons. Dynamic exclusion was enabled with a
single repeat count and 60 s exclusion duration. Parameters related to
hardware performance, such as injection times and automatic gain
control (AGC) settings, were configured according to the optimal
settings recommended by the manufacturer.

Data Processing. The unsupervised analysis using principal
component analysis (PCA) was performed in R (package:
FactomineR and ggplot) to assess the groupings or trends in the
data. The data was automatically standardized by default of the PCA
function from the FactorMineR package. Each variable was centered
and scaled to have a mean of zero and a standard deviation of one
before PCA was conducted. The scores and loadings plots were used
to determine the number of principal components (Supporting
Information, Table 52). Protein identification was conducted using
MaxQu:th(’ version 1.6.12.0. The mass spectrometry data was
searched against reference proteome: UP000011116 (downloaded
from Uniprot). The default parameters in MaxQuant were applied.
Label-free quantification was performed with at least two peptides per
protein. The final data set contained the proteins quantified in three
replicates of each treatment. The data was pretreated by filtering the
noise and log, transformation in Perseus 1.6 software.”” Each protein
was analyzed by a student’s t test using Perseus’s default parameters.
The resultant matrix was used for data preprocessing in Microsoft
Excel (Table S2 in Supporting Information Excel file). The missing
values were imputed by the average and the LFQ intensity was
adjusted based on the injection ratio. The enrichment analysis was
conducted in Microsoft Excel with the protein classes matching the
gene ontology (GO) terms extracted from the Uniprot database. The
relative abundance of each GO term was transformed in percentage to
highlight the most prominent GO terms.

B RESULTS AND DISCUSSION

Effect of Barley Cultivar on Wort Composition. Barley
malt, in addition to water, is the most prominent raw material
in brewing by weight. It is essential in providing important
macronutrients for fermentation performance and beer quality
such as fermentable sugars, free amino acids, proteins, and
polyphenols. The biplot graph presented in Figure 2a, resulting
from the principal component analysis (PCA) offers a
comprehensive visual representation of the relationships
between variables and observations in the data set. The
principal components (PC) were selected according to the
eigenvalues for PC because the eigenvalues under 0.7
demonstrate lower significance.” In this biplot, the principal
components PC1 and PC2 collectively explain 97.94% of the
total variance in the data set (Supporting Information, Table
§2). The distribution of variables along PC1 indicates a strong
positive correlation between free amino nitrogen (FAN) and
polyphenols, while f-glucan appears to be negatively correlated
with both FAN and polyphenols. Furthermore, total nitrogen
(TN) is strongly positively correlated with PC2. Also, Figure
2b shows the correlation between variables and dimensions
(PCs). This insight into variable relationships and their
contributions to principal components facilitate a deeper
understanding of the inherent structure within the data set and
aid in identifying key variables driving the observed pattern.

The direction, magnitude, and color of the variable vectors
in the biplot elucidate their contribution to the principal

components. For instance, free amino nitrogen (FAN) appears
to have the most significant influence on the direction of PCI,
followed by polyphenol. Conversely, f-glucan has a minor
impact on the orientation of PCl. Observations clustered
toward the positive end of PC1 exhibit a higher correlation
with FAN and polyphenols, represented by the post-boiling
samples. FAN is normally formed during malting and mashing
and its content in wort plays an important role in the
fermentation performance of yeast by offering nutrition.”
Lower levels of FAN during fermentation can impact beer
quality due to higher diacetyl production during fermenta-
tion.” Surprisingly, the samples prepared with Solist cultivar
were highly correlated with FAN. This cultivar protein profile
might lead to an increase in FAN content during malting due
to more available protein for proteolysis, although it contains
lower soluble protein content. Furthermore, a statistically
significant (p < 0.05) decrease in FAN content in the samples
after boiling (AB) in comparison with before boiling (BB) was
observed (Supporting Information, Table $3). This confirms
the phenomenon observed in the previous study which
demonstrated the reduction of FAN content in wort boiling
due to Maillard reaction by melanoidin formation as well as
precipitation to the trub."”

The Solist cultivar also showed a stronger correlation with
the polyphenol content, as evidenced by the proximity of the
clusters to this variable. Polyphenols typically originate from
malt or hops. However, in this experiment, only hop extract,
which contains no polyphenols, was used.”" Therefore, it can
be inferred that the polyphenol content in these samples is
directly related to barley malt polyphenols, which can
significantly influence beer quality, particularly in terms of
flavor and haze stability.”> Polyphenols contribute to trub
formation by interacting with proteins from malt, forming
colloidal particles that precipitate after boiling.”* The wort
prepared with the Solist cultivar contained 20% more
polyphenols than did the wort prepared with the Liga cultivar.

Additionally, the biplot reveals distinct clusters of observa-
tions based on their similarities and differences in the data set.
As expected, the clusters of the Liga cultivar, located toward
the positive end of PC2, comprise observations characterized
by high values of TN. Because TN measurement demonstrates
a great correlation with protein content, it can be seen that this
barley cultivar contains greater protein content in comparison
with the Solist cultivar even in the post-boil samples,
demonstrating that the barley varieties differ greatly in protein
content even during brewmg.‘H Furthermore, a clear reduction
(p < 0.05) in TN of samples after boiling was observed. The
precipitation of protein during boiling is paramount to
improving beer quality regarding haze formation. Haze-active
proteins interact with polyphenols during wort boiling, forming
colloidal particles with a higher molecular weight, which,
consequently, leads to precipitation to the trub.** This haze-
active protein removal avoids colloidal instability in beer
during storage.*

These findings emphasize the necessity of controlling boiling
conditions to optimize the utilization of hop bitter acids,
thereby enhancing the final product’s quality. By elucidating
the role of protein precipitation during boiling, this study
provides a foundation for developing targeted strategies to
increase hop bitter acid content, enhancing beer quality and
bitterness. The significant reduction in total nitrogen (TN)
post-boiling highlights the role of boiling in removing proteins
that might interact with those compounds, consequently,

https://doi.org/10.1021/acs.jafc.4c04396
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carrying them to the trub. These findings shed light on brewing
practices, allowing for the optimization of boiling conditions
and the selection of barley cultivars that contribute to
improved hop utilization in brewing,

Barley Cultivar Protein Profile. Barley typically com-
prises 8—15% protein, with variability influenced by factors
such as cultivar type and growing conditions. As mentioned,
this research utilized malt from two distinct German barley
cultivars, namely, Liga and Solist, to produce wort. The

proteomic analysis of the wort aimed to characterize its overall
protein composition. Initially, 118 protein groups were
identified, but 11 were considered noise as they were detected
exclusively in the post-boiling sample. Thus, the resulting data
set comprised 107 protein groups (Table S4 in the Supporting
Information Excel file). Among these, 78 protein groups were
shared between both cultivars, as shown in the Venn diagram
in Figure 3a. Additionally, 11 protein groups were unique to
the Liga cultivar, while 18 were specific to the Solist cultivar.

https://doi.org/10.1021/acs jafc 404396
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Figure 4. Barley cultivar biological protein profile: (a) biological process of proteins represented in a word cloud and a stacked bar plot in
percentage. (b) Molecular function of proteins represented in a word cloud and a stacked bar plot in percentage.

Interestingly, despite Liga having a total protein abundance in
LFQ intensity twice that of Solist, it contained a lower number
of identified proteins (Figure 3b).

These findings suggest that the genetic characteristics of
each barley cultivar led to distinct protein expression profiles,
which, in turn, impact the brewing process and final beer
quality. For the Liga cultivar, proteins such as q-amylase
inhibitor, B hordein, carboxypeptidase, ferritin, and peroxidase
1 are unique. These proteins play distinct roles in the brewing
process. For instance, a-amylase inhibitors can affect the
breakdown of starches, while ferritin and peroxidase 1 are
involved in oxidation—reduction reactions which can influence
beer stability and flavor.”” " In contrast, the Solist cultivar has
unique proteins, such as aspartic proteinase oryzalin-1, B1
hordein, barwin, bowman—birk, gliadin 1, and ubiquitin.
Bowman—birk inhibitors are known to affect proteolytic
activities, which can influence protein stability and clarity in
beer. This highlights the role of cultivar genetics in protein
variability, in this case, for water-soluble protein.

Hustrated in Figure 3c is a circle chart showing the
distribution of the protein families. Notably, the predominant
protein families identified are LTP and protein Z, recognized
for their contribution to beer foam stability."” These proteins
constitute a significant portion of the water-soluble fraction in
wort, as confirmed in a previous investigation.'” While LTP,
protein Z, cupin type, and peroxidases emerge as the most
abundant protein families in similar proportions for both

cultivars, the specific isoforms contributing to these abundan-
ces differ substantially between them. Despite the shared
presence of many protein isoforms across barley cultivars, their
ranking varies, highlighting distinct water-soluble protein
profiles (Table $4 in the Supporting Information Excel file).

Genetic variation among cultivars is a well-known biological
phenomenon that plays a crucial role in the barley proteome.
This variation is significant during grain development and at
later stages during malting."' Inside cells, genes encode
proteins, directly influencing their amino acid sequence and
primary structure.” Each protein family contains multiple
isoforms with differing primary structures, indicating that they
were encoded by distinct genes. Therefore, the barley cultivar’s
genotype directly impacts protein profiles, particularly
regarding protein isoforms. The findings of this study validate
this phenomenon by highlighting differences in the proteome
of the examined barley varieties. Researchers have extensively
explored this variation over the past decades, emphasizing its
importance in barley breeding programs and the malting
process.” ™" For example, Wang et al.*’ conducted a
proteomic analysis of two hulless barley cultivars, identifying
4603 proteins, with 326 showing differential expression
between the cultivars.

Environmental factors, including growing conditions and
agricultural practices, also play a significant role in shaping the
protein profiles of barley cultivars. Aside from the genetic
variation among barley cultivars, the proteomic differences

https://doi.org/10.1021/acs.jafc. 4c04396
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observed in this study can be partly attributed to environ-
mental factors. This was evidenced by Halstead et al.”* study,
which conducted a comprehensive evaluation of five fall-
planted malting barley lines across three distinct locations in
the Pacific Northwest, each representing a unique growing
environment. Notably, the nitrogen treatment (N,) that
included an extra application at the heading led to an increase
in the level of grain protein. Another study conducted by Luo
et al” highlighted the role of nitrogen fertilizer and the
environmental impact on the barley protein profile, although
the study suggests that the genetic variation of the plant has a
more significant impact on the protein content and proteome
of malt.

Proteins are characterized as polypeptides fulfilling biological
roles. In this investigation, they underwent annotation into
gene ontology (GO) category enrichment analysis, aiding in
the comprehension of proteome data, biological process (BP),
and molecular function (MF) terms extracted from the
UniProt database are used for annotating the proteins. The
distribution of term frequencies among the 107 proteins in the
samples is visualized in the word cloud presented in Figure 4.
Nevertheless, due to incomplete entries in the UniProt
database concerning barley proteins, a considerable portion
of BP and MF is labeled as “other or unidentified”, constituting
21.5% and 15.0%, respectively, of the total proteins.

Notably, hydrolase activity emerges as the predominant
molecular function, accounting for 30% of the frequency,
indicating the prevalence of enzymes within the samples,
representing nearly half (46.7%) of the proteins. This
observation is expected due to enzymes’ higher solubility in
aqueous media, as they require a certain level of water for their
enzymatic activity and are likely to interact with surrounding
water molecules.””' Furthermore, barley seed germination is

induced during the malting process. In this step, enzymes are
synthesized in the aleurone layer to degrade the nutrient
reservoir and initiate the plant growth metabolism.”” For
instance, in this study, a 6,7-dimethyl-8-ribityllumazine
synthase enzyme was found. It is involved in the biosynthesis
of riboflavin in plants and, consequently, essential for
biosynthetic metabolism (Table S5 in the Supporting
Information Excel file).”” In addition, metal binding was a
significant molecular function, accounting for 11% of the
frequency. These proteins may play an important role in metal
chelation, potentially enhancing beer flavor stability by
reducing the availability of metal ions in wort,™

Additionally, the word cloud in Figure 4a highlights that the
most common BPs are plant defense and stress response,
accounting for 30%. In a related study by Kerr et al,”* the
barley proteome was investigated under pathogen infection
conditions, indicating modifications in the plant protein profile
in response to fungal contamination. Remarkably, oxalate
oxidase was found to be more abundant in infected seeds, and
this protein was also present in both barley cultivars examined
in this study. These findings further underline the environ-
mental influence on the barley proteome, highlighting its
crucial role in shaping brewing quality traits and the brewing
process.

The column plot presented in Figure 4 provides a detailed
breakdown of the percentage abundance (LFQ intensity) of
BP and MF terms for each barley cultivar. Despite notable
differences in protein profiles among these cultivars regarding
their protein isoforms, there is a clear similarity observed in
both the BP and MF categories. This similarity suggests that
several proteins may acquire similar functions within the
organism’s metabolism through distinct pathways that are
intricately linked to their structural characteristics. In that

https://doi.org/10.1021/acs jafc.4c04396
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Figure 6. Barley cultivar chemical protein profile: lollipop chart of the grand average hydrophobicity (GRAVY) of (a) the cultivar Liga before
boiling; (b) the cultivar Solist before boiling. The circle size represents the abundance in LEQ intensity of each protein.

sense, it is clear that the malting process plays a major role in
determining the barley proteome, specifically due to the
germination of barley seeds. As described in the study by Jin et
® the proteome of green barley, ie., barley seed before
germination, varies noticeably, however, some differences
disappeared after the malting process. Moreover, the main
proteins involved in the variability across the cultivars are
pathogen-related proteins and hydrolases, as shown in this
study.
Each protein’s isoelectric point (pI) was determined using a
bioinformatics tool that utilizes the FASTA index and protein
sequence.”® This analysis aimed to explore the biophysical
properties of water-soluble proteins sourced from different
barley cultivars. The bubble chart in Figure 5 demonstrates the
pI of proteins with the circle size indicating their molecular
weight in kilodaltons (kDa). The distribution of proteins
across the pI range reflects a typical pattern observed in

biological systems, following a normal distribution with a peak
in the neutral pI (Figure S5 in Supporting Information).*
The chart indicates a clustering of proteins with higher
molecular weights around the neutral pl, suggesting that larger
water-soluble barley proteins often possess a net-zero charge at
neutral pH. Evidence supports the idea that larger proteins
tend to exhibit a neutral or nearly neutral pI, whereas smaller
proteins tend to show more extreme pI values.”” Despite the
barley proteome reaching up to 9857470.16 kDa, the water-
soluble proteins from the analyzed samples had <150 kDa mass
due to mashing and filtration steps, separating the molecules
with higher mass from the wort.”® For instance, both barley
cultivars show two isoforms of aldehyde oxidase with the
highest molecular weights, measuring 146.3 and 145.5 kDa,
respectively. Conversely, the smallest proteins vary between
cultivars, with 11,2 kDa (a-amylase/trypsin inhibitor CMc) for
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Figure 7. Protein precipitation and hop bitter acids: (a) hop a- and iso-a-acid homologue concentration in the hopped wort. (b) Bar plot
representing the total abundance of proteins in LFQ_intensity of each treatment; CoH, cohumulone; N + AdH, N— and adhumulone; total AA,
total a-acids; iso CoH, isocohumulone; Iso N + AdH, iso-N— and iso-adhumulone; total iso, total iso--acids; BB, before boiling; AB, after boiling.

Liga and 8.8 kDa (Knottin scorpion toxin) for Solist, as
detailed in Table S4 in the Supporting Information Excel file.

Interestingly, both cultivars share a similar pI range from
4.33 to 10.16, even with differences in the protein profile and
protein distribution within this range. The Liga cultivar shows
a more balanced distribution, with 52.8% of proteins falling in
the alkaline range and 47.2% in the acidic range. In contrast,
the Solist cultivar contains a higher proportion of alkaline
proteins, with 56.2% in that range. Normally, the plant
proteome comprises larger numbers of acidic pI proteins rather
than basic pl. However, in this study, most of the proteins are
found in the basic pI range due to the acidic pH of the wort.
The protein’s solubility is usually lower at its pI, which explains
the lack of acidic plI proteins in those samples.™

Similarly to pI, the grand average hydrophobicity (GRAVY)
index was computed using a bioinformatics tool that utilizes
the FASTA index and protein sequence, revealing insights into
the hydrophobic nature of the proteins (Figure 6).” Positive
GRAVY values indicate hydrophobic proteins, while negative
values suggest hydrophilic proteins. Both barley cultivars
predominantly exhibited proteins with negative GRAVY scores
ranging from —1.7 to 0.0, consistent with previous findings
from wort-boiled samples.'” A slight variance in hydro-
phobicity was observed between these cultivars, with Liga
containing 65.56% hydrophilic proteins compared to 62.89%
for Solist. This trend toward hydrophilicity within barley
proteomics appears to be an inherent characteristic."* In this
study, this property is emphasized through the extraction of
water-soluble proteins during the mashing step, facilitating the
solubility of hydrophilic proteins.

Effect of Barley Proteome on Hop Bitter Acid
Utilization. To investigate how different barley malt cultivars
affect the utilization of hop bitter acids, two worts with malt
from the different barley cultivars Liga and Solist were
prepared, and hop CO, extract containing 90 mg/L of a-
acids in each one was added to reproduce typical brewing
practices and industry standards to achieve a realistic
concentration of iso-a-acids in the final beer. Further, hop
bitter acid content in the samples post-boiling was analyzed by

HPLC. The data are presented in the bar plot in Figure 7a.
Clearly, the content of all homologues of a- and iso-a-acids, as
well as the total content, was higher in the wort prepared with
the Solist cultivar (p < 0.05). The wort prepared with Liga
cultivar contained 15.86 mg/L of a-acids and 21.13 mg/L of
iso-ar-acids after boiling, whereas the wort produced from Solist
cultivar had 21.65 and 23.49 mg/L, respectively.

To impart bitterness to beer, a-acids undergo a thermal
isomerization reaction, converting into the more soluble iso-a-
acid.”” This transformation is affected by various factors,
particularly pH and original gravity.”" In this investigation, all
worts were standardized to a pH of 5.6 and an original gravity
of 16° Plato (Supporting Information, Table S1). Therefore,
the only variable considered is the barley malt cultivar and,
consequently, the barley proteome. The Liga cultivar exhibited
a 45.51% higher total protein abundance (measured by LFQ
intensity) compared with the Solist cultivar (Figure 7b).
Additionally, wort derived from Liga showed a 10% reduction
in iso-a-acid content post-boiling compared to that from Solist.
This implies that the protein content and proteomic profile of
the barley cultivar influence the precipitation of hop bitter
compounds to the trub during wort boiling,

Protein aggregates primarily form during the heating-up
phase and initial boiling, with a consistent particle size
thereafter until boiling terminates.” Intriguingly, this study
observed a significantly higher difference in total a-acid
content compared to iso-a-acids, showing a 26.75% higher in
the wort produced from the Solist barley cultivar in
comparison with the Liga cultivar (see Table S6 in the
Supporting Information Excel file). This discrepancy suggests
that either the protein profile or the protein content of barley
malt directly influences the availability of a-acids for the
isomerization reaction. It is well-known that the a-acids’
solubility is limited in aqueous solutions and acidic pH
conditions, which can impact the rate of isomerization.”* To
eliminate this factor, as stated before, the pH of all wort
samples was consistently maintained across the trials.
Consequently, the reduced a-acid content and the utilization
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Figure 8. Heatmap plot representation of barley malt protein precipitation during the wort boiling step. For detailed information, see Supporting

Information, Excel file.

of wort prepared with the Liga barley cultivar may result from
the interaction with proteins, leading to precipitation.

The interaction between hop bitter acids and proteins is
revealed in various beer properties, including foam stability and
haze formation.”* During colloid formation at the beginning of
the boiling step, a-acids interact with denatured proteins,
possibly forming cross-links via hydrogen bonds, metal
chelation, or hydrophobic interactions.”” A higher protein
content, as observed in the Liga wort, could intensify
interactions between specific proteins and a-acids by greater
accessibility of soluble protein, resulting in the encapsulation of
these compounds and, consequently, limiting their potential
for isomerization into iso-q-acids. This phenomenon mirrors a
mechanism detailed by Jongberg et al.®® for protein—
polyphenol complexation, where polyphenols react with

cysteine proteins’ thiol groups exposed during unfolding,
forming covalent bonds. Furthermore, the unfolding of
proteins, notably LTP1, during wort boiling may expose
hydrophobic sites, promoting noncovalent hydrophobic
interactions with polyphenols. This analogous mechanism
could apply to hop bitter acids, especially a-acids, binding to
proteins and protein complexes, as discussed in previous
research.'” However, this hypothesis requires confirmation in
further studies.

Protein precipitation as trub is generally considered
beneficial in brewing, enhancing beer quality by eliminating
haze-active proteins.”” However, a significant amount of water-
soluble protein ends up in this residue. Only one-fifth of the
initial protein content was detected in the boiled wort prepared
from the Liga or Solist cultivar, representing 21.47% and
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Figure 9. Physicochemical profile of protein completely precipitated during the boiling step: (a) Lollipop chart of the grand average hydrophobicity
(GRAVY) of the precipitated protein of the cultivar Liga. (b) Lollipop chart of the grand average hydrophobicity (GRAVY) of the precipitated
protein of the cultivar Solist. (c) Bar plot of the Isoelectric Point (pI) of the precipitated protein of the cultivar Liga. (d) Bar plot of the isoelectric

point (pI) of the precipitated protein of the cultivar Solist.

19.16% of the total abundance (LFQ intensity), respectively.
Figure 8 shows a heatmap presenting the individual protein
abundances (LFQ intensity) for each sample. The 40 proteins
in the wort from the Liga cultivar precipitated entirely due to
boiling. From the Solist cultivar, 45 proteins precipitated after
the same treatment. Of the precipitated proteins, both cultivars
shared 32 proteins, primarily comprising enzymes like a-
amylase, aldehyde oxidase, glutamate dehydrogenase, and

thioredoxin. A notable observation was greater precipitation
of higher molecular weight proteins (Supporting Information,
Table §7). In the wort from the Solist cultivar, 51,11% of the
total precipitated protein had a molecular weight greater than
40 kDa, compared to only 25.49% in the boiled wort. In
contrast, the wort from the Liga cultivar exhibited an even
higher proportion, with 65% of the total precipitated protein
more than 40 kDa, in comparison to 24.49% of the soluble
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protein in the boiled wort. This trend was also observed in the
study developed by Schultz et al,*® which showed a
considerable decrease in the abundance of high molecular
weight proteins during wort boiling,

It is well-known that boiling wort induces protein unfolding
via thermal denaturation, exposing inner hydrophobic sites that
favor enthalpic interactions.”” Furthermore, evidence confirms
that free cysteines are commonly surrounded by hydrophobic
residues.”” Consequently, unfolded proteins interact via their
hydrophobic sites and thiol groups, leading to the formation of
protein—protein complexes. Notably, Jin et al.”' demonstrated
the dependence of barley cultivars on the aggregation of
unfolded proteins and chemical interactions, especially
modification of sulthydryl content. In this study, we observed
a high degree of similarity in the protein profiles of precipitated
proteins between cultivars, with the main discrepancies
attributed to genotype-specific proteins. However, among the
nongenotype-specific proteins, a-amylase/trypsin inhibitor
CMc, cysteine proteinase EP-Bl, and peroxidase 1 were
exclusively precipitated in the boiled wort of the Liga cultivar.
These proteins share a remarkable number of cysteine residues
in their primary structure (Supporting Information, Figure S6),
alongside hydrolase and binding activities. Additionally,
Timure et al.”” suggested that a-amylase/trypsin inhibitor
CMc is likely to precipitate with the trub, whereas in a previous
study peroxidase emerged as an important protein likely to
bind to hop bitter acids.'” Therefore, it is suggested that those
proteins might play an important role in protein aggregation
through the highly reactive thiol groups as well as the
hydrophobic sites that might increase interactions among
proteins and other compounds, such as polyphenols and hop
bitter acids. While considerable attention has been paid to
foam- and haze-active proteins in the brewing process, the
current findings underscore the significance of minor proteins
not directly linked to beer quality traits. Such proteins can
indirectly influence process efficiency and flavor by forming
interactions during boiling and further precipitation, thereby
carrying important compounds, such as hop bitter acids. A
previous study highlighted the specific proteins identified and
their roles in the precipitation process and protein aggregate
formation."”

To understand the physicochemical pattern of the entirely
precipitated protein during the boiling step, GRAVY and pI
values were determined as previously described. The results are
presented in Figure 9. It is noteworthy that the observed trends
in protein properties appear to be largely consistent across
different barley varieties. The hydrophobicity (GRAVY) values
of the precipitated proteins in the post-boiled wort show slight
variations, ranging from —0.65 to 0.37 for the Liga cultivar and
from —0.65 to 0.61 for the Solist cultivar. Notably, after
boiling, the precipitated proteins tend to shift toward a higher
hydrophobic range compared to their preboiling values (Figure
9a,b). The lowest value preboiling was —1.704 while after
boiling stands at —0.65. This observation supports the idea
that a protein’s primary structure, along with its physicochem-
ical properties, can significantly influence its tendency to
precipitate. Bohm et al.”” also found that hot trub contains
elevated levels of hydrophobic amino acids. The author
suggests that these higher levels of hydrophobic amino acids
reduce hydration, affecting solubility and subsequently leading
to aggregation through hydrophobic interactions postdenatu-
ration. This phenomenon is evident in the findings of this

study, which demonstrate a higher number of hydrophobic
proteins that have been completely precipitated.

Protein pI is intrinsically correlated with protein solubility
according to pH due to a neutral net charge of protein at pL
Once reaching this point, the protein experiences reduced
hydration and electrostatic repulsion, leading to aggregation
and subsequent precipitation via hydrophobic interactions.”
Figure 9¢,d illustrate the pI values of completely precipitated
proteins for each barley cultivar. These pI values align closely
with the wort pH of 5.6 (indicated by the dashed line).
Surprisingly, the pI range (4.64—9.29) remains consistent
across both barley varieties, suggesting that wort pH has a
more significant impact on protein precipitation than the
specific barley malt used. Protein precipitation by pH is widely
used in the food industry and is also applicable in the brewing
process, contributing to enhanced beer quality.** In a study by
Himure et al,”* analysis of sweet wort, boiled wort, and trub
revealed that proteins in the trub primarily fall within the pI
range of 5.0—8.0. This study highlights the influence of barley
genotype on the utilization of hop bitter acids, although the
impact on protein precipitation is comparatively minor
concerning physicochemical properties.

In summary, this study presented for the first time the
influence of barley genotype on interactions between proteins
during boiling and its subsequent effect on the hop bitter acid
yield. By examining barley malt’s protein composition, genetic
variation, and physicochemical properties, this research
provides insights into how different barley cultivars affect the
utilization of hop bitter compounds and protein precipitation
during wort boiling. The findings suggest that barley cultivars
influence the availability of hop bitter acids for isomerization,
with implications for beer bitterness and quality. Additionally,
the study highlights the role of interactions between proteins
and physicochemical properties in protein precipitation,
contributing to a deeper understanding of the brewing process
and its environmental impact.

Based on the desired beer characteristics, brewers can select
barley cultivars that align with their quality goals. For clear,
stable beer, choosing a low-protein cultivar, such as Solist,
might be advantageous. Conversely, if the goal is to enhance
yeast fermentation performance, then a cultivar with higher
FAN content should be considered. Brewers can optimize the
boiling process to enhance protein precipitation. By closely
monitoring and adjusting the boiling parameters to target
protein precipitation, brewers can achieve better clarity and
stability in their beer. Furthermore, the hop bitter acid
utilization in brewing could be improved by the investigation
of target proteins interaction and the chemical mechanism
behind it.

Furthermore, additional studies are recommended to
investigate the role of specific amino acids and protein
domains in interactions with hop bitter acids. Future research
could also be performed with additional commercial barley
cultivars processed in different malt products to screen the role
of barley genetic variation, malting process, and environmental
conditions on hop bitter acids utilization.
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Chapter 7

What is the outcome of this thesis?
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This study was divided into two work packages, each further subdivided into two
experimental designs, as represented by the experimental papers included in this thesis. The first
work package’s experiments and analyses were carried out in Brazil at the Universidade Estadual
de Campinas, while the second work package’s studies were conducted in Germany at the
Technische Universitit Berlin.

The first work package investigated drying and supercritical CO> extraction methods to
identify opportunities for process optimization. This study pioneered the production of hop
supercritical CO»> extract using a Brazilian hop variety. Prior to this, no extract from this raw
material had been produced in Brazil, underscoring the innovative nature of this work. The fresh
Brazilian hop “Mantiqueira” used in this study was donated by the company Van den Berg. The
hops contained 79% moisture, 3.36% a-acids, 2.67% B-acids, and approximately 1.52 mL of total
essential oil per 100 grams of hops.

To optimize this step, it was necessary to understand the drying performance of hops and
the effect of temperature on hop quality. Therefore, the first experimental paper in Chapter 3
presents results from the study on the drying behavior of hops and the influence of drying
temperatures on hop quality traits, such as color, bitter acids content, and essential oil profile. As
expected in food drying processes, temperature significantly affects the process time. The drying
time decreased by 2.5-fold when the temperature increased from 40°C to 70°C. As discussed in the
literature review in Chapter 2, the drying step is the bottleneck in hop processing due to the lack
of on-farm equipment, which makes harvesting dependent on the availability of dryers. Therefore,
reducing drying time could prevent the over-maturation of hops. Furthermore, Rubottom et al.
(2022) observed similar drying behavior in commercial dryers and noted that higher temperatures
might reduce energy consumption.

Drying hop at higher temperatures also promotes an advantage due to the degradation of
amylolytic enzymes which causes the phenomenon called ‘hop creep’. Hop creep is associated
with the hydrolysis of unfermentable into fermentable sugars by the addition of hops in the cold
step, such as fermentation or maturation. The yeast consumes those newly released sugars,

producing alcohol and CO», reducing the product quality and promoting issues during beer storage.
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Rubottom et al. (2021) study highlighted the importance of higher hop drying temperature for the
depletion of the hop creep effect on beer. Therefore, not only the hop farmers but also the brewer
might benefit from hop air drying temperature.

The drying process is crucial for determining hop quality, influencing several key traits.
For more detailed results and discussion, refer to the papers in Chapters 3 and 4. Interestingly, it
was observed that drying temperature primarily affects the total essential oil content and the color
parameter a*, which represents the range between green (a-) and red (a+) colors.

The decrease in essential oil content was explored by Rybka et al. (2021;2018), whose
studies demonstrated that drying hops at 40°C resulted in only a 10% decrease in total oil content,
whereas drying at 55°C led to a 36% decrease for the Saaz variety. Despite the impact of drying
temperature on total oil content, the study presented in Chapter 3 shows that the essential oil profile
remains unaltered. This finding is corroborated by Rubottom et al. (2024), who demonstrated that
hop sensory quality was similar regardless of the drying temperature. Therefore, the hop-drying
process could be enhanced by increasing the air temperature, leading to economic and
environmental benefits with a lower effect on hop sensory quality.

As expected, the color of hops changes during drying from green in the fresh cones to
green-brown in the dried cones. Lower temperatures result in higher degradation due to prolonged
exposure during the process. This degradation affects the chlorophyll present in hops, leading to
an undesirable brownish color. In a study by Rybka et al. (2018), it was suggested that drying hops
at lower temperatures, such as 40°C, might be preferable for aromatic hops to preserve essential
oil compounds. However, the extended drying time associated with lower temperatures poses
several disadvantages, including color changes, increased energy consumption, and longer drier
occupancy (Sturm et al., 2020). This undesirable drying color is particularly noticeable in hop
products like pellets, which still contain vegetal matter. Therefore, drying at lower temperatures
might compromise product value despite preserving essential oil compounds.

Considering the lesser impact of higher temperatures on hop quality during drying
compared to lower temperatures, it was determined in this study that drying hops at 70°C could be

advantageous for farms to reduce energy and time consumption. Specifically, hops dried at higher
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temperatures could be used to produce hop extract, as the extraction process removes vegetal
matter, mitigating the effects of color degradation. Thus, the next step involved producing hop
extract through SFE using hops dried at higher temperatures to evaluate the suitability of this
optimization. This step began with screening process parameters such as pressure and temperature
to understand the extraction phenomenon and establish optimal conditions. Subsequently,
extraction kinetics were evaluated to optimize extraction time.

Despite extracts being produced from high a-acid hop varieties, this study successfully
produced supercritical CO» extracts from the Mantiqueira variety, which initially had low a-acid
content. The condition of 30 MPa and 60°C yielded the maximum extraction yield of 8.6%.
However, the condition of 20 MPa and 40°C was preferred due to lower energy consumption and
better utilization of the equipment which is provided by the lower temperature and pressure. In
this condition, a yield of 7.78% was achieved. Similar studies have been conducted to extract hop
bitter acids using supercritical CO»; however, the extraction yield was considerably lower than
that presented in this study (Formato et al., 2013; Veiga et al., 2021; Zekovi¢ et al., 2007).

The kinetic curve is an important parameter for evaluating hop extraction behavior. The
diffusional-controlled period, which decreases the extraction rate, was observed after 40 minutes.
This indicates a higher extraction yield for bitter acids, resulting in 93% and 97% of the total a-
and B-acids being extracted compared to the total yield at 90 minutes. While Valle et al. (2003)
achieved approximately 14% extraction yield using a Chilean hop variety, it required a prolonged
extraction time of 240 minutes, resulting in higher solvent and energy consumption. Therefore,
this study optimized the extraction process by employing mild extraction conditions and reducing
the extraction time.

With the rise of artificial intelligence (Al) tools for daily use, this technique could also be
applied to optimize processes like hop processing. Therefore, for the first time, the experimental
work presented in Chapter 4 tested the suitability of machine learning models to predict drying
time. Better control of this process might benefit farmers by reducing hops over-drying as well as
energy consumption. Data acquired during the drying process were modeled by both conventional

mathematical models used for drying and by machine learning models (such as Artificial Neural
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Network, K-Nearest Neighbor, and Random Forest). Comparing these models sheds light on the
possibility of using higher-performance models, such as KNN and Random Forest. These models
permit higher prediction accuracy compared to conventional methods due to their ability to
incorporate more significant inputs for the process, such as air humidity. However, these models
should continually be enhanced by adding new datasets with hops from other varieties that have
been dried.

The use of Al tools is breaking the walls of the informatic technology field and becoming
more accessible to our daily lives. However, the usage in the brewing field is still insipient,
representing room for expansion. A ground-breaking study developed by Schreurs et al. (2023)
recently uncovered the complexity of flavor and consumer perception linkage with beer chemistry.
In this study, machine learning predicting models were performed in an attempt to identify
compounds that influence beer flavor and acceptance. Al could be used in several ways, such as
product design, process optimization, and logistics (Schlechter, 2024). For instance, a company
called NotCo which produces vegan products, uses a platform named Giuseppe that consists of an
Al system that supports the scientists within the company to screen the plant kingdom and design
a combination of those ingredients to create a new product (NotCO Company, 2024). Similarly,
an Al tool could be implemented in the brewing sector to improve product development.

The second work package of this thesis involved a proteomic study aimed at uncovering
the relationship between hop bitter acids losses and protein precipitation with the trub, to improve
hop utilization and reduce waste generation. This phase began with the study presented in the
experimental paper in Chapter 5, which investigated the influence of hop addition on protein
precipitation profiles. For this study, a sweet wort was prepared and divided into two portions,
with hop extract added to one during boiling. Protein profile quantification and identification were
conducted using an innovative approach employing Liquid-Chromatography coupled with Mass-
Spectrometry (LC-MS/MS).

Through proteomic analysis, it was possible to gain in-depth insight into the role of hop
bitter acids in the formation of protein aggregates. The foam-active protein LTP precipitated in the

presence of hop compounds, whereas Protein Z exhibited the opposite behavior. Interestingly, the
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less abundant proteins Late Embryogenesis Abundant (LEA), Aspartic Proteases, and Thionin
were highly affected by hop addition. This study demonstrated that minor proteins may play an
important role in hop bitter acids losses, but the interactions between proteins and hop bitter acids
remain unknown.

Protein folding relies on hydrophobic interactions and disulfide bonds among cysteine
residues to maintain stability in aqueous solutions (Camilloni et al., 2016). During wort boiling,
proteins denature, exposing inner hydrophobic groups, which form aggregates for thermodynamic
stability (Jin et al., 2009). This process also reduces disulfide bonds, affecting protein stability.
The addition of hop bitter acids alters protein-protein complex formation, with proteins interacting
through hydrophobic and disulfide bonds (Qin et al., 2015). Studies show that iso-a-acids
influence aggregation by acting as cross-linkers, particularly involving protein Z, which forms
vesicular structures to protect hydrophobic domains (Lu, Osmark, Bergenstahl, Nilsson, et al.,
2020).

The outcomes from the study presented in Chapter 5 were groundbreaking in
demonstrating the influence of hop bitter compounds on protein interactions during wort boiling,
especially with lesser-studied proteins. Furthermore, these interactions might occur during beer
haze formation, an important quality parameter for beer stability. Hop bitter acids could also play
a role in haze formation alongside proteins other than hordeins. Beyond the brewing field, the
interaction between hop bitter acids and plant proteins could be further explored to enhance the
quality traits of vegan products, such as texture. Similar to how polyphenols are being explored,
hop bitter acids could act as cross-linkers to promote emulsion stabilization in products such as
plant-based yogurt or improve texture in extruded alternative protein meat.

This research also highlights the role of minor proteins in the interaction between hop bitter
acids and proteins. Peroxidase exhibited significant differences in abundance with the addition of
hops. Peroxidase, found in nearly all living organisms, plays a crucial role in plant defense by
catalyzing the oxidative cross-linking of proteins and phenolics in cell walls. In barley, the main
peroxidase, BP1, contains a heme group crucial for its function. During wort boiling in beer

production, peroxidase denatures, exposing its heme and other reactive sites. This exposure leads
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to interactions with hop bitter acids, forming complexes that may contribute to protein aggregation
and increased precipitation. Those proteins might impact several quality traits, such as foam, haze,
and flavor stability. For instance, the exposed metal active site could lead to oxidation reactions
which produces undesirable aldehydes, affecting the beer shelf-life. Therefore, hop bitter acids
could act as an antioxidant by reacting primarily to those proteins, improving beer flavor stability.

Barley malt protein could hold the key to improving hop bitter acids utilization by reducing
precipitation to the trub. Hence, the second experimental paper of this work package (Chapter 6)
was developed to investigate the effect of barley malt protein content on hop bitter acids utilization.
A sweet wort was prepared using two barley varieties named Liga and Solist. Proteomic analyses
were conducted using LC-MS/MS, similar to the previous work.

The protein profiles of the barley cultivars differed, as revealed by proteomic analysis of
wort before boiling, identifying 107 protein groups. Among these, 78 were shared between the two
barley cultivars, Liga and Solist, while 11 were unique to Liga and 18 to Solist. Despite Liga
exhibiting higher total protein abundance, it had fewer identified proteins, highlighting the impact
of genetic variation on protein profiles. This genetic diversity affects protein isoforms and carries
significant implications for barley breeding and the malting process. The malting process modifies
the protein profile due to the germination which produces protease and amylase enzymes,
hydrolyzing the storage proteins. Furthermore, the process parameters play a role in the enzymes
production, posttranslational modification, and reduction of storage proteins.

Surprisingly, this study revealed the role of barley proteome in hop utilization which
presents the total o- and iso-a-acids concentration in samples prepared with each barley malt
variety. It is evident that the total a-acid content significantly decreased with the increase in protein
content of the barley. This can be attributed to the formation of protein aggregates, which primarily
occurs during the heating and initial boiling phases, with particle size stabilizing afterward (Ku et
al., 2007). This study found a 26.75% higher total a-acid content in wort from the Solist barley
cultivar compared to Liga, suggesting that barley's protein profile or content affects a-acid
availability for isomerization. Maintaining consistent pH across trials eliminated pH as a factor,

indicating that Liga's lower a-acid content might result from protein interactions leading to
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precipitation. These interactions, involving hydrogen bonds, metal chelation, or hydrophobic
interactions, can encapsulate a-acids, reducing their isomerization into iso-a-acids (Gribkova et
al., 2022). It is suggested that the hydrophobic sites of a-acids might interact with the inner
hydrophobic sites of proteins by hydrophobic interactions and/or hydrogen bonds formed between
the hydroxyl group of a-acids and polar amino acids. Another possible mechanism of interactions
might be through covalent bonds formed between the thiol group of cysteine amino acids and the
electrophilic site of a-acids, such as hydroxyl and carbonyl groups. This mirrors known protein-
polyphenol complexation mechanisms and suggests similar processes for hop bitter acids,
particularly a-acids (Jongberg et al., 2020). However, further studies are needed for this
mechanism confirmation.

The protein content of barley is influenced by environmental factors. Therefore, climate
change is also a threat to barley composition and quality, leading to unpredictable variations in
crops (Meng et al., 2023). By studying the influence of the protein content of barley on brewing,
as presented in Chapter 6, might offer support to the brewing industry to avoid greater interference
in the process due to protein content variation. Furthermore, this study's outcomes could be
expanded to the use of further malt and cereals influence on hop bitter acid utilization. For instance,
oats or wheat which contain higher protein content might lead to lower hop bitter acids utilization
and consequently, reduced bitterness in beer.

The brewing industry has long sought alternatives to increase hop a-acids utilization, yet
profitability remains a challenge, as current options mainly involve acquiring new technologies.
In an attempt to address this issue, an additional experiment testing the use of pure -acids in the
wort boiling before hop extract addition was conducted. In this trial, a sweet wort was prepared
and divided into two portions, with one portion having pure B-acids added at the beginning of
boiling. The initial results from these trials have already shown that pre-dosing hop B-acids before
the addition of hop extract for bittering significantly improved the utilization of iso-a-acids by
approximately 4.2%. This underscores the benefits of using this approach to enhance the

conversion of iso-o-acids by depleting the proteins likely to bind with a- and iso-a-acids.
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Chapter 8

Which conclusions can be drawn?
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In conclusion, this research screened possibilities for optimization of hop usage from the

hop farm to the brewery with a focus on bitterness and, consequently, reducing energy
consumption and waste production. This research has made significant developments toward
enhancing the hop and brewing processes using innovative approaches, such as artificial
intelligence on hop processing and proteomic analysis on hop-protein interactions. The
optimization of hop processing and its utilization in brewing emerged as a central theme due to
the urgency for more sustainable processes. Empirical investigations shed light on opportunities
to successfully produce hop extract from hop dried at higher temperatures using mild extraction
conditions and reduced solvent consumption. Furthermore, this study confirmed that the main
effect of drying temperatures lies in hop color which degrades throughout the process. This
research also explored the intricate biochemical dynamics governing hop-protein interactions
during brewing, offering novel insights into the mechanisms underlying hop utilization efficiency
and waste generation. For the first time, the role of hop bitter acids on protein aggregates formation
during wort boiling was uncovered. Through advanced proteomic analyses, this study has
elucidated the role of genetic variation in barley malt and its implications for hop utilization. The
barley proteome directly influences the hop bitter acids yield during wort boiling. The findings
from this research open the way to explore in more detail the interaction between hop bitter acids
and proteins which play a role in several biochemical reactions throughout the brewing process.
The integration of cutting-edge technologies such as machine learning has further advanced our
understanding of brewing processes, enabling data-driven decision-making and process
optimization. Overall, this thesis highlights the possibility of improving hop and brewing processes

to achieve more sustainable and economically viable products.
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